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Abstract

Marcel Zeiler,
Radiation-hard Silicon Photonics for Future High
Energy Physics Experiments

Collisions of proton beams in the Large Hadron Collider at CERN produce very
high radiation levels in the innermost parts of the particle detectors and enormous
amounts of measurement data. Thousands of radiation-hard optical links based
on directly-modulated laser diodes are thus installed in the particle detectors to
transmit the measurement data to the processing electronics. The radiation levels
in the innermost regions of future particle detectors will be much higher than they
are now. Alternative solutions to laser-based radiation-hard optical links have to be
found since the performance of laser diodes decreases beyond the operation margin
of the system when irradiated to sufficiently high radiation levels. Silicon Photonics
(SiPh) is currently being investigated as a promising alternative technology. First
tests have indeed shown that SiPh Mach-Zehnder modulators (MZMs) are relatively
insensitive to a high neutron fluence. However, they showed a strong degradation
when exposed to ionizing radiation. A SiPh test chip that includes MZMs with
varied design parameters was designed and fabricated at imec to identify parameters
that improve the resistance of MZMs to ionizing radiation. The performance of the
various MZMs was tested before, during and after irradiation with x-rays. An MZM
design that can withstand ionizing radiation levels 5x higher than the initially
tested devices was identified. Eye diagrams of these MZMs showed no significant
difference after irradiation compared to reference samples. A model for the Optical
Modulation Amplitude (OMA) of MZMs was developed to determine the radiation
levels up to which SiPh-based optical links would work reliably. The analysis showed
that a sufficiently large OMA could be sustained up to higher radiation levels than
the upcoming Versatile Link system was designed. At the same time, the electrical
power consumption of the proposed system was estimated to be similar.

xii






Introduction

Motivation

Why does matter dominate over antimatter? What are the fundamental particles
that make up the universe as we observe it today? Researchers have been trying to
answer such fundamental questions about our universe and its constituent matter
ever since ancient Greek times. Some of these questions could be answered by
recreating conditions similar to those in the moments after the Big Bang. For
this reason, the European Organization for Nuclear Research (CERN) operates the
Large Hadron Collider (LHC) particle accelerator and hosts several High Energy
Physics (HEP) experiments. The LHC is the world’s largest and most sophisticated
technical installation. It was built to accelerate charged particles to a speed close
to the speed of light and make them collide. These collisions take place in the
center of HEP experiments that consist of a large particle detector, with millions
of individual sensors to detect the collisions, and the required electronics to process
the measurement data. The recorded data from the sensors allows the researchers
to reconstruct the collisions and helps them in making a step towards answering the

questions above.

Detecting the particle collisions with millions of sensors generates an enormous
amount of raw measurement data. For instance, each HEP experiment created
about 40 Tb/s of raw measurement data during LHC’s Run 1 between 2009 and
2013 [1]. To put this number into perspective, it is more than 5700x the amount
of incoming data Facebook had in 2014 [2]. The only economic and energy-efficient
way of handling such large amounts of data is to have tens of thousands of fiber
optic links installed in the HEP experiments. These links are the backbone of the
experiments’ read-out system and provide the bandwidth necessary to send the
measurement data from the particle sensors to the backend electronics for further

processing.

The optical transceivers (TRx) at the end of the link that is installed in the HEP
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experiments are exposed to a very harsh environment. Superconducting magnets
used to bend the accelerated charged particles along their intended trajectory cre-
ate magnetic fields up to several Tesla. This is about one hundred thousand times
stronger than the magnetic field of the earth. Since these superconducting mag-
nets have to be cooled down to the temperature of liquid Helium, there is a large
temperature gradient ranging from —269°C at the center of the experiments to
room temperature at its outer perimeter. In addition, the decay products of the
particle collisions create extreme radiation levels near the particle collision points.
This radiation has typically the strongest impact on device reliability and causes
Commercial Off-The-Shelf (COTS) optical TRx, that have not been made for such
extreme environments, to stop working quickly. Consequently, only specially de-
signed or qualified parts that are able to withstand these harsh conditions can be

used inside HEP experiments.

The current- and next generation of optical TRx that will be deployed in the ex-
periments are based on directly modulated Vertical-Cavity-Surface-Emitting-Lasers
(VCSELSs). These will be used to read-out the particle sensors in most regions of
the experiments throughout 2025 and beyond. It is foreseeable, however, that the
radiation levels close to the particle collision point in future experiments will be too
high for VCSELs to withstand. A new technology for optical TRx that can resist
the predicted radiation levels and transmit the measurement data reliably from the
inside of such future particle detectors to the processing electronics will therefore be

required.

This thesis will investigate the suitability and feasibility of applying Silicon Photon-
ics transmitters as an alternative to VCSEL-based TRx in HEP experiments. Silicon
Photonics (SiPh) technology has been chosen because it holds great promise for com-
mercial applications in data communications and because Silicon (Si) is a very good
material for particle sensors that need to resist very high radiation levels. Initial
tests of SiPh Mach-Zehnder Modulators (MZMs) have shown that these devices can

2 impinging on device) high

be irradiated with a neutron fluence (neutrons per cm
enough for future HEP experiments without showing significant degradation. Unfor-
tunately, the same devices degraded and stopped working when exposed to ionizing

radiation at levels below those expected in future HEP experiments.

The focus of this research is to determine whether the design of SiPh MZMs can
be modified so that the devices can withstand higher levels of ionizing radiation. A
radiation-hardness against a Total Tonizing Dose (TID) of at least 1 MGy (absorbed
radiation energy per mass, 1 Gy = 1J/kg) should be reached to allow the installation
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of SiPh TRx in the innermost parts of future HEP experiments (= 10 cm from beam

pipe) that could otherwise not be equipped with radiation-hard optical links.

In order to build upon the available SiPh technology and keep overall costs down,
modifications to the MZM design should be implemented in a way that the device will
still be compatible with a standard SiPh process. At the same time, the modulation-
performance of MZMs with increased radiation-hardness has to be high enough that

an actual system based on CERN’s requirements can be built.

Aside from HEP, the outcomes of this research could also be of interest to other
applications where data has to be sent from or to regions with extreme radiation
levels. For instance, radiation-hard SiPh could be used to read out sensor data
from the inside of fusion or fission reactors or in nuclear medicine. Furthermore,
applications in aerospace could also benefit from radiation-tolerant SiPh, e. g. when

data needs to be sent within satellites or rovers.

Contributions

The main contributions of this work are the following:

Simulation and design of the first SiPh chip dedicated for
radiation-hardness evaluations for applications at CERN.

A SiPh test chip accommodating several custom- and pre-designed MZMs as well
as various other test structures was designed. The MZMs have different design
parameters that allow the identification of the parameters that affect the radiation-
hardness of these devices. The performance of the custom-designed MZMs was
simulated before the devices were implemented into a mask layout. The test chip
was fabricated in a Multi-Project Wafer run and was measured to be fully functional

before radiation exposure.

X-ray irradiation tests with SiPh chips under different conditions.

Several chips were irradiated with x-rays. Tests were conducted with un-biased and
reverse-biased samples during irradiation at room temperature and with un-biased
samples at —30°C. The phase shifts of the individual MZMs were determined as a
function of x-ray dose to assess when it dropped below a critical value. An MZM
design that is able to withstand the minimum defined TID requirement of 1 MGy

was identified.
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Development of a system-level model for radiation-hard SiPh optical links.

The dynamic performance of irradiated MZMs that withstood high TID levels was
compared to un-irradiated samples. It was shown that irradiated MZMs with the
highest radiation-hardness show no significant degradation in measured eye dia-
grams. An analytical model for the Optical Modulation Amplitude (OMA) as a
function of TID was developed. Based on the specifications as defined for the Versa-
tile Link system that will be installed in 2018, the model showed that a SiPh-based
optical link could be operated up to 1.7 MGy. The optical power budget and elec-
trical power consumption of such a link were compared to the specifications of the
Versatile Link system. The results indicate that SiPh-based optical links can be
more radiation-hard than TRx for the Versatile Link while having a similar power

consumption.

Publications

Parts of these contributions have been published.

Journals

M. Zeiler, S. Detraz, L. Olantera, G. Pezzullo, S. Seif El Nasr-Storey, C. Sigaud, C.
Soos, J. Troska, and F. Vasey, “Design of Si-Photonic structures to evaluate their ra-

diation hardness dependence on design parameters”, in Journal of Instrumentation,
vol. 11, 2016.

M. Zeiler, S. Detraz, L. Olantera, C. Sigaud, C. Soos, J. Troska, and F. Vasey, “A
system-level model for high-speed, radiation-hard optical links in HEP experiments
based on silicon Mach-Zehnder modulators”, in Journal of Instrumentation, vol. 11,
2016.

M. Zeiler, S. Seif El Nasr-Storey, S. Detraz, A. Kraxner, L. Olantera, C. Scarcella,
C. Sigaud, C. Soos, J. Troska and F. Vasey, “Radiation Damage in Silicon Photonic
Mach-Zehnder Modulators and Photodiodes”, in IEEE Transactions on Nuclear Sci-

ence (submitted for publication), May 2017.
Conferences Presentation

M. Zeiler, S. Detraz, L. Olantera, S. Seif El Nasr-Storey, C. Sigaud, C. Soos, J.

Troska, and F. Vasey, “Radiation hardness evaluation and phase shift enhancement
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through ionizing radiation in silicon Mach-Zehnder modulators”, in Radiation Effects
on Components and Systems (RADECS), 2016.

M. Zeiler, S. Detraz, L. Olantera, C. Sigaud, C. Soos, J. Troska, and F. Vasey,
“Comparison of the Radiation Hardness of Silicon Mach-Zehnder Modulators for
Different DC Bias Voltages”, in IEEE Nuclear Science Symposium/Medical Imaging
Conference (NSS/MIC), 2016.

Contributions to further publications related to this thesis

S. Seif El Nasr-Storey, F. Boeuf, C. Baudot, S. Detraz, J. M. Fedeli, D. Marris-
Morini, L. Olantera, G. Pezzullo, C. Sigaud, C. Soos, J. Troska, F. Vasey, L. Vivien,
M. Zeiler, and M. Ziebell, “Silicon Photonics for High Energy Physics Data Transmis-

sion Applications”, in IEEE 11th International Conference on Group 1V Photonics
(GFP), 2014, pp. 1 - 2.

S. Seif El Nasr-Storey, S. Detraz, L. Olantera, G. Pezzullo, C. Sigaud, C. Soos, J.
Troska, F. Vasey, and M. Zeiler, “Neutron and X-ray Irradiation of Silicon Based
Mach-Zehnder Modulators”, Journal of Instrumentation, vol. 10, 2015.

S. Seif El Nasr-Storey, F. Boeuf, C. Baudot, S. Detraz, J. M. Fedeli, D. Marris-
Morini, L. Olantera, G. Pezzullo, C. Sigaud, C. Soos, J. Troska, F. Vasey, L. Vivien,
M. Zeiler, and M. Ziebell, “Effect of radiation on a Mach-Zehnder interferometer
silicon modulator for HL-LHC data transmission applications”, IEEE Transactions
on Nuclear Science, vol. 62, no. 6, pp. 2971 - 2978, 2015.

S. Seif El Nasr-Storey, F. Boeuf, C. Baudot, S. Detraz, J. M. Fedeli, D. Marris-
Morini, L. Olantera, G. Pezzullo, C. Sigaud, C. Soos, J. Troska, F. Vasey, L. Vivien,
M. Zeiler, and M. Ziebell, “Modeling TID Effects in Mach-Zehnder Interferometer
Silicon Modulator for HL-LHC data Transmission Applications”, IEEE Transactions
on Nuclear Science, vol. 62, no. 6, pp. 2971 - 2978, 2015.

Thesis Structure

This thesis is divided into seven chapters with the following emphases.

Chapter 1 introduces the LHC and HEP experiments at CERN. The basics of parti-
cle detectors with the various sub-detectors and the architecture of the optical links
are explained. The planned upgrades for the LHC, the resulting increase in radi-

ation levels and what this entails for the optical TRx are highlighted. The reason
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why SiPh was chosen for investigation and the benefits this technology might bring

to radiation-hard optical links for HEP applications are presented.

The basics of SiPh are outlined in Chapter 2. The focus lies on MZMs and their
underlying building blocks, optical waveguides and phase shifters. The latest devel-
opments for lasers and photodiodes in SiPh are briefly addressed as these components

will also be needed for a full optical TRx.

Chapter 3 focuses on the fundamentals of radiation-matter interactions, particularly
for silicon-based devices. Displacement damage induced through non-ionizing energy
loss of high energy particles and TID damage created by ionizing radiation are
explained. The changes to the material properties stemming from such damage are

discussed.

The simulation and design work for the SiPh chip is described in Chapter 4. The
simulation procedure and the results are presented and the implementation of the
findings into a mask layout is included. A comparison of simulated and measured

pre-irradiation phase shits of the MZMs on the fabricated chip is given.

The outcomes from the various irradiation tests are examined in Chapter 5. The
different setups and conditions used for the tests are described. The results of
the phase shift measurements of the MZMs with different design parameters as a
function of TID are presented. Results from simulations performed to understand

the radiation-induced device degradation are shown.

The system-level model for radiation-hard optical links based on SiPh MZMs is de-
veloped in Chapter 6. Eye diagram measurements of irradiated MZMs are demon-
strated and measured OMAs are compared to calculations made with the model.
The power consumption and optical power budget of this system proposal are com-
pared with those for the optical links that will be installed in the HEP experiments
after 2018.

A conclusion of the work is drawn and an outlook on possible future work to emerge

from this research is set out in Chapter 7.



1 High energy physics experiments
and optical links at CERN

The LHC was constructed to accelerate charged particles, particularly protons and
lead ions, and make them collide. Analyzing these collisions allows researchers to
test the Standard Model of particle physics and the theories beyond it. The collisions
are detected in one of the four major HEP experiments at CERN: ALICE (A Large
Ton Collider Experiment), ATLAS (A Toroidal LHC ApparatuS), CMS (Compact
Muon Solenoid) and LHCb (Large Hadron Collider beauty). This chapter outlines
the basic configurations of the HEP experiments at the LHC and describes the
optical links installed between the particle detectors and the processing electronics.
The challenge of radiation exposure of those links for imminent and future systems

is described based on the CMS experiment.

1.1 The Large Hadron Collider

The LHC is the world’s biggest circular particle accelerator with a diameter of
26.659km. A schematic of the LHC tunnel complex, the four major HEP exper-
iments and their location underneath the Franco-Swiss border is depicted in Fig.
1.1. The LHC was constructed to produce particle collisions at the highest energy
levels to date. The energy density and temperature emerging from these collisions

are similar to those immediately after the Big Bang.

In order to reach such high energy levels, the particles in the LHC need to have a
speed close to the speed of light. This can be achieved by using Radio-Frequency
(RF) cavities to accelerate two proton beams to an energy of 7TeV each. This
corresponds to a particle speed of 99.9999991 % the speed of light. The two beams
circulate in the form of bunches of around 10'° particles clockwise and counterclock-
wise in two adjacent beam pipes in the LHC tunnel. They are focused into the beam

pipe and guided along their trajectory by strong magnetic fields. The beam pipes
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Figure 1.1: Schematic of the LHC tunnel complex and the major experiments located
on the accelerator ring, from [3]. Details of the CMS experiment (black
rectangle) are shown in Fig. 1.2 and 1.3.

cross and the trajectories of the beams overlap at four distinct particle collision

points where the bunches collide every 25 ns.

The particle collision points are centered in four building-size particle detectors lo-
cated on the LHC ring. They were designed to record the collisions of the particle
bunches with millions of individual sensors arranged around the particle collision
center to detect the collision products. Each sensor can be regarded as a camera
taking a picture of the particle collisions. An entire collision event can later be re-
constructed by combining all the pictures taken at the same time. A sophisticated
installation of various sub-detectors has been developed for this purpose. Fig. 1.2
shows a cross-section of the CMS experiment with the main sub-detectors. These
sub-detectors are: the silicon tracking sensors, the electromagnetic and hadronic
calorimeters and the muon chambers. The silicon tracking sensors are employed to
determine the position and momenta of traversing charged particles. They extend
radially up to 1m from the particle collision point. Electromagnetic and hadron
calorimeters are installed to measure the energy of e.g. electrons/photons and neu-
trons/protons, respectively. These detectors range from 1 — 2m from the center of
the installation. At the outermost part, 4 — 7m from the particle collision point,
chambers are located to identify muons and measure their momenta. The exact
particle collisions can be reconstructed by analyzing the data from all of the ap-

proximately 75 million sensors located in the CMS detector.

Each bunch crossing produces a number of collisions dependent on the beam settings.
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Figure 1.2: Schematic of the CMS experiment and its sub-detectors, from [4]. The parti-
cle collision point (marked in yellow) is in the very center of the installation.

The entirety of collisions per bunch crossing are called an “event”. Since the data
of each event has a size of about 1 MB and the particle bunches cross the particle
collision points at a rate of 40 MHz, the amount of raw measurement data created
per experiment is in the order of 40 Th/s [5]. This is too much data to be processed
and stored in real-time. Data filtering is therefore done to select the data that is to
be processed further and eventually stored and that which is to be discarded. The
filter decisions are made based on measured energy and momentum values of a given
dataset. Only if both values are above values specific to the current measurement
purpose, the data of these events is kept. Data not meeting the filter conditions are
discarded.

1.2 Optical links for the LHC

The filtering process itself is performed by the back-end electronics located in the
counting room outside the experimental cavern (Fig. 1.3). In this arrangement, the
particle detector and front-end control electronics are located in the experimental

cavern, while the back-end electronics in the counting room are protected from
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custom-made,
radiation-hard
optical transceivers

timing &
control
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control

particle sensors
read-out & control
electronics

~ —-—
experimental cavern counting-room
(radiation zone) (no radiation)

Figure 1.3: Illustration of the two caverns in the CMS experiment accommodating the
particle detectors in the experimental cavern (red) and back-end electronics
in the counting room (green). The front-end electronics in the radiation zone
are connected to the back-end electronics through short fiber optic links.

radiation. To interface front-end and back-end electronics, tens of thousands of fiber
optic links shorter than 200 m are installed between the experimental cavern and the
counting room. They are used to send timing and control signals from the back-
end to the front-end (downstream) and measurement data in the opposite direction
(upstream). Despite the short transmission distance, optical links are preferred
to electrical links because they typically provide higher bit rates, they consume
less power and there is no interference between neighboring channels. Moreover,
the material budget close to the innermost detector regions is already very strict.
Extra material inside the detector can lead to scattering of the decay particles with
this material and deflect their trajectories. Extra volume and mass that is not
absolutely required has to be avoided as this would decrease the precision of the
vertex measurements. Thin fiber optic links are thus advantageous over more bulky

electrical cables.

Two different types of optical TRx are used at either end of the optical links. COTS
devices are used in the counting room where there is no radiation. On the other
side, custom-made radiation-hard optical TRx are employed in the radiation zone.
Custom-made parts are required for this installation because the extreme radiation
levels in the experiment would rapidly degrade COTS devices that are not qualified
for such environments. This is due to damage created in these devices when collision-
products like neutrons, protons, electrons or photons impinge on them [6]. The
damage accumulates over time and the devices eventually stop working. A failed
device cannot simply be exchanged with a new one as the very compact installation
prohibits easy access to the innermost regions of the particle detectors once they
are assembled. Device reliability is hence essential as potentially interesting physics

data could otherwise no longer be sent from within the experiment to the back-end

10
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electronics and were lost. Given the rareness of the events sought, data loss has to

be avoided as each successfully recorded event is important for statistical analysis.

Each component inside the experiment needs to be able to withstand the radiation
levels expected at the location where it is installed. The closer the installation is to
the particle collision point or the beam pipe, the higher the local particle flux and
therefore the radiation levels the components need to withstand. Sending data from
the innermost detector channels through optical links is consequently challenging.
Only specially designed and qualified components can be considered for installation

in order to ensure the full operation of the entire detector read-out system.

Custom-made optical TRx for the upcoming LHC upgrade in 2019-2020 were de-
veloped in the Versatile Link (VL) project [7,8]. Those components are based on
VCSELs and are currently in series production [9]. The requirements for these de-
vices are strict. They need to have minimal size and mass in order to fit into the
foreseen (sub-)detector installation. They cannot be affected by strong magnetic
fields (4 T) and therefore metals and magnetic materials should be avoided in the
package. They also have to withstand a 1 MeV neutron equivalent fluence (see Sec.
3.1) of 5- 10" n/cm? and a TID of 10kGy [10] while supporting a bi-directional bit
rate of 4.8 Gb/s.

The Optical fibers themselves can be affected by radiation-induced attenuation, i.e.
their losses increase due to the creation of color centers when exposed to ionizing
radiation. This increase, however, is more pronounced at shorter wavelength [6] and
when long distances of the optical fibers are exposed to radiation [11]. It can hence
be neglected up into the MGy-range for the short optical links installed in the HEP
experiments at CERN.

1.3 Optical Links for the HL-LHC and beyond

The current LHC schedule already includes another upgrade after that of 2019-2020
(Fig. 1.4). Between 2024-2026, the LHC will be upgraded to the High-Luminosity
LHC (HL-LHC). As shown in Fig. 1.4, the energy of the beams will not be changed
from the current design value. Instead, the beam luminosity, i.e. the number of
protons per bunch, provided to the experiments will be increased by 5 — 7x. More
particles per beam implies that more collisions will occur during each bunch crossing,
paving the way to explore unprecedented high-energy physics. As a consequence,

the TRx will have to handle larger amounts of measurement data and even higher

11
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Figure 1.4: The schedule of the LHC/HL-LHC until 2026 and beyond, from [12].

radiation levels than today.

The radiation levels in the CMS detector in the HL-LHC were predicted with sim-
ulations [13] and are plotted in Fig. 1.5. The radiation levels are specified for a 10
year operational lifetime as the detector system, including the optical TRx, is not
replaceable once it is assembled. Components installed in the experiments therefore
have to be able to withstand the accumulated radiation levels over this period. The
maximum radiation levels very close to the particle collision point and beam pipe
can reach a 1 MeV neutron equivalent fluence of 5-10'® n/cm? and a TID of 6 MGy.
These levels are approximately 10x higher than what the components for the Ver-
satile Link project are made to withstand [14]. As the innermost pixel trackers are
only about 4 cm from the beam pipe, the local radiation levels are too high for VL
devices to be used to optically read-out data from the pixel trackers and send it to

the back-end electronics.

In addition to the higher radiation levels in HL-LHC experiments, future optical TRx
also need to provide a bit rate of at least 10 Gb/s [15] to cope with the larger amount
of measurement data that will be generated. Research on components addressing
this requirement and the need for a higher radiation-hardness is currently ongoing in
the Versatile Link Plus (VL+) project [16,17]. VL+ optical TRx will also be based
on VCSELs and are designed to be the workhorse for optical links for most of the
detector regions in HL-LHC. They will have a higher bit rate, lower profile height
and up to four individual channels compared to their single-channel VL precursors.
However, tests have already shown that the extreme radiation levels very close to the
particle collision points result in VCSELs degrading too fast [18] to be considered for
installation in the innermost detector regions. Therefore, VL-+ components will be
designed to withstand a neutron fluence of 610 n/cm? and a TID of 500 kGy [16].

12
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Figure 1.5: Cross-sectional radiation maps showing the 1 MeV neutron equivalent fluence
in silicon (left) and TID (right) predicted for the CMS detector in the HL-
LHC over a 10 year operational lifetime. The simulated radiation data was
taken from [13]. Due to CMS’s cylindrical architecture around the beam
pipe and symmetry with respect to the particle collision point, the expected
radiation levels in other parts of the detector can be mirrored to this map.

These values are high enough to allow the installation of VL+ TRx in most regions
of an HEP experiment, i.e. the closest distance they can be installed from the beam
pipe is about 20 — 80cm. Otherwise, the neutron fluence will be too high. As
indicated in Fig. 1.6, the high neutron fluence occurring in the pixel tracker and the
lower part of the endcap calorimeter consequently leaves a region inside the CMS
experiment where no VCSEL-based optical links can be installed. Tonizing radiation
is less critical for VCSELs as insulating material, susceptible to damage from this

kind of radiation (see Sec. 3.2), is far away from the active zone of these devices.

Bridging a distance of just a few centimeters to a region where optical links can be
installed with electrical links could be a solution to this problem. However, due to
the aforementioned drawbacks that electrical links bring with them, optical links

are strongly favored.
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Figure 1.6: Relative degradation of VCSELs and pin-photodiodes as a function of neutron
fluence (left) and resulting exclusion region, marked in black, for VCSELs
in the CMS detector of HL-LHC (right). The plot on the left was taken
from [19]. The relative performances for VCSELs and photodiodes are the
slope efficiency and responsivity, respectively.

1.4 Silicon photonics as alternative to
VCSEL-based optical links

SiPh is currently being investigated as alternative technology for optical TRx placed
close to the particle collision points where VCSEL-based components cannot be
installed. SiPh was chosen because silicon has proven to be a reliable and very
radiation-hard material for particle detectors [20-24]. For the same reason, SiPh is
of great interest to the HEP community. Moreover, due to its compatibility with
Complementary Metal-Oxide-Semiconductor (CMOS) electronics [25,26] and thanks
to the possibility of high density integration [27,28]|, chips with increased function-

ality and reduced power consumption [29-31] and footprint can be envisioned.

The most important characteristic for HEP applications will be the device’s re-
sistance to radiation. Setting the device structure aside, a radiation-hardness for
SiPh devices similar to that of silicon pixel sensors [32-35] — in the order of 10 —
10* n/cm? - can be expected. Such a high radiation-hardness for optical TRx would
allow them to be operated in regions where VCSELs cannot. Integrating them with
their driving electronics and possibly even the silicon particle sensors themselves
could pave the way to highly integrated read-out modules with potentially lower

power consumption and reduced mass and dimensions than currently exist.

The demand for higher bit rate optical TRx can also be addressed with SiPh. SiPh

14
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transmitters (Tx) with bit rates higher than the required 10 Gb/s have already
been widely demonstrated [36-41]. This has often been achieved with a relatively
low power consumption of a few pJ/bit [42,43]. A low power consumption is also
favorable for HEP experiments since the innermost detector regions need to be cooled
and a low power dissipation of the optical TRx would reduce the requirements for
the cooling system. Nevertheless, the power consumption of SiPh-based TRx would
most likely be higher than for VCSEL-based TRx [44]| but comparable to electrical
links [45].

Further advantages of SiPh Tx over VCSELs would be the additional degree of
freedom for the placement of the light source. SiPh Tx are typically fed by an
external continuous-wave (CW) laser as opposed to VCSELs that lase themselves.
This laser can be placed away from the Tx chip in a region with lower radiation
levels. Radiation-induced laser degradation can therefore be reduced and optical

links with optimized resistance against radiation can be designed.

The aggregation of several channels into a single optical fiber through Wavelength
Division Multiplexing (WDM) [46] can also be done in SiPh while it would be
considerably more challenging with VCSELs. WDM would allow an increase in
bandwidth of the optical link system without the need to install more optical fibers.
First studies of applying WDM in SiPh for HEP applications have already been
demonstrated [47].

Due to these benefits, initial tests of SiPh Tx in radiation environments have been
carried out. The tests showed very promising results for SiPh MZMs based on
a conventional design from Université Paris-Sud [48]. The tested samples showed
an insensitivity to radiation-induced phase shift changes up to a 20 MeV neutron
fluence high enough for applications in HL-LHC [49, 50]|. However, the phase shift
of identical devices degraded significantly before HL-LHC levels were reached when
irradiated with x-rays [19,51,52]. The measured phase shifts from both irradiation
tests are plotted in Fig. 1.7. An exclusion region where these samples cannot be
installed in the CMS detector of HL-LHC is shown in the same figure. The exclusion
region ensues from a failure dose that is defined at the dose where the phase shift

falls to below 50 % of the pre-irradiation value.

Even though the tested MZMs exhibit a sufficient resistance against a high neutron
fluence, it is still not possible to deploy such devices in the innermost detector regions
because of their swift degradation when exposed to ionizing radiation. Reading-out
the pixel trackers optically will consequently also not be possible with MZMs based

on such a conventional design. Additional research is required to assess whether
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Figure 1.7: Degradation of SiPh MZM based on a conventional design [48] as a function
of neutron fluence and TID (left) and resulting exclusion region, marked in
black, in the CMS detector of HL-LHC (right).

SiPh MZMs can be designed to show an improved radiation-hardness.

1.5 Summary

The particle collisions in the LHC result in extreme radiation levels and create
enormous amounts of measurement data. Radiation-hard optical links are used
to send these data from within the HEP experiments to the outside processing
electronics. VCSELs are typically used for the transmitting side in these links.
An alternative technology will be needed for the innermost regions in future HEP
experiments because VCSELs will not be able to withstand the predicted radiation
levels close to the particle collision point. SiPh is investigated to determine whether
this technology can be deployed in these innermost detector regions. First tests
showed promising results with SiPh MZMs being insensitive to irradiation with
neutrons. However, the devices strongly degraded when irradiated with x-rays,
resulting in a need for additional research into design optimization with respect to

radiation hardness.
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The possibility of integrating SiPh devices with electronics and manufacturing them
in CMOS-compatible foundries led to widespread research interest in this field over
the last decades, both from academia [53-57| and industry [58-63]. Most SiPh device
research addressed optical communications but bio-sensing |64-67] and metrology

[68,69] applications have also been studied.

This chapter outlines the basics of SiPh required to follow the work presented later in
this thesis. Lasers and photodiodes in SiPh are briefly introduced. SiPh modulators
are explained in more detail as they have been the focus of this research. Further
details about the various devices and SiPh in general can be found in textbooks
[70-74].

2.1 Waveguides

The basic building block of all SiPh devices is an optical waveguide. These are the
equivalent of optical fibers in integrated optics and their purpose is to route light
through a chip. Total internal reflection is the fundamental principle that guides
light in these waveguides. If light in an optically dense medium with refractive index
ny is reflected and transmitted at an interface to an optically thinner medium with
refractive index no, the angle of incidence o and the angle of transmission 3 are

related through Snell’s law,
ny sin o = ng sin S. (2.1)

This relation is illustrated in Fig. 2.1. When the angle of incidence becomes greater

than the critical angle for total internal reflection,

g = arcsin @, (2.2)
ny
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n, waveguide cladding

n,; waveguide core

n, waveguide cladding

Figure 2.1: Principle of total internal reflection in a waveguide when n; > ng. k is the
wavevector of light in the waveguide. If the angle of incidence is below the
critical angle (red), normal reflection and transmission occurs. At the critical
angle (blue), the light is reflected at 90° to the interface. For larger angles,
the light is guided inside the waveguide (black).

100 % of the light intensity is reflected back at the interface. This effect can thus be
employed to confine light in an optically dense material, the waveguide, surrounded

by an optically thinner material, the waveguide cladding.

Waveguides can also guide light when they are bent as long as the critical angle of
incidence is not exceeded. The critical angle for total internal reflection becomes
larger for larger differences between n; and n, and waveguide bends can be designed
with smaller radii. In SiPh, the refractive index contrast is typically achieved by
using silicon (Si) as waveguide core material and silicon dioxide (SiO9) as waveguide
cladding material. Sharp waveguide bends, down to a few microns [75], can be
realized because of the large contrast between ng; 1550nm ~ 3.48 and ng,0, 1550nm ~
1.46 [76]. This makes high density integration of waveguides and other components

possible.

Total internal reflection in the vertical direction of such waveguides is obtained by
sandwiching the silicon waveguide layer between two silicon dioxide layers (from
now on referred to as “oxide”) as depicted in Fig. 2.2a. Horizontal confinement
can be produced by etching into the silicon layer before the top oxide cladding is
grown. In this way, the average vertical refractive index in the un-patterned part
is higher than in the etched part and light is effectively confined in the horizontal
direction as well. Waveguides in which silicon is fully etched away on the sides are
called strip waveguides (Fig. 2.2b). Partially etched waveguides are referred to as
rib waveguides. Depending on the etch depth, the latter can be further categorized
into deep (Fig. 2.2¢) or shallow etch (Fig. 2.2d) waveguides. Similar to a large
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Figure 2.2: SiPh layer stack and cross-section of different waveguide types.

difference between the refractive indices of waveguide core and cladding, a deeper

etch leads to a stronger confinement of light.

Light that is guided in these waveguides is referred to as an optical mode. Depending
on the dimensions of a waveguide, many different optical modes may be guided in it.
For optical communications, having only the fundamental mode is often preferred
since higher order modes would reduce the quality of a transmitted data signal due
to multi-mode interference. The dimensions of a waveguide need to be carefully

chosen so only the fundamental mode is guided.

Optical modes are defined by their polarization and eigenvalue, the effective refrac-

tive index n.ss. They can be mathematically described by the wave equation

V2E = (ﬂ)Q OE (2.3)

1 ot?
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Figure 2.3: Electric field distribution in a silicon strip waveguide for the fundamental TE
(a) and TM (b) mode. Most of the optical power lies within the waveguide
core. However, some optical power is guided outside the core with the tails
of the optical modes extending into the surrounding cladding material.

Here, c is the speed of light and n is the refractive index of the material in which the
mode propagates and FE is the vector of the mode’s electric field. Typical profiles
of the electric field of fundamental modes in a strip waveguide with Transversal
Electric (TE) and Transversal Magnetic (TM) polarization are shown in Fig. 2.3.
For TE-polarized modes, the electric field oscillates in a plane that is parallel to
the waveguide layers. For TM-polarized modes on the other hand, the magnetic
field oscillates in that plane. In this case, the electric field is perpendicular to the

waveguide layers [70, Chapter 4.

The eigenvalue n.ss of the guided modes describes the reduction of the mode’s phase
velocity as it travels through the waveguide and it links the wavevector of the mode

in air ko to the wavevector of the mode in the waveguide k (see Fig. 2.1),
[kl = ncpslKol- (24)

The effective refractive index of a guided mode is thus the equivalent of the refractive
index of monochromatic light in a bulk material. The value of n.ss is a weighted
average of the refractive indices of the core and cladding material and the extension
of the mode into the latter. Hence, the refractive index of the waveguide cladding

is the lower bound and refractive index of the waveguide core the upper bound for

neff.

The confinement of light in a waveguide can be quantified by means of a confinement

factor. The confinement factor describes the ratio of the optical power that is guided
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in the waveguide core to the total optical power of the guided mode. It is defined as

JJ | E(z,y)|*dzdy
F :CO"'e (2.5)

+oo )
[ 1E(z,y)|2dzdy

The larger the I', the better the mode is confined in the waveguide core, i.e. the

extension of the modal tails into the surrounding material is minimal.

Optical losses in un-doped waveguides are dominated by the scattering of light, e.g.
at bulk defects or at the sidewalls of the waveguide. Since the sidewalls cannot be
made perfectly flat during the processing of the waveguide, photons are scattered
out of the waveguide at microscopic surface roughnesses. If the surface roughnesses
are less than 1nm, typical waveguide losses are smaller than 2dB/cm [77] for un-
doped waveguides with a height of 220 nm fabricated on a 200 mm-wafer. This value

can increase significantly for the doped waveguides needed for active SiPh devices.

2.2 Optical effects in silicon

Variations in the refractive index of the waveguide material, and thus also the ef-
fective refractive index of a guided mode, can be employed in active devices for
modulating or switching light. The refractive index of crystalline materials can be
modified by a range of different effects. Typically, modifications are either induced
through changes in the crystal temperature or effects related to its electrical prop-

erties.

2.2.1 Thermorefraction

Thermorefraction refers to changes in the refractive index caused by temperature
variations. When the temperature of a crystal is changed, the mean lattice distance
between adjacent atoms in the crystal increases or decreases. Similar to band gap
shrinkage or dilation, this leads to alterations in the interband absorption [78|. Ac-
cording to the Kramers-Kronig dispersion relation, this then leads to changes in the
refractive index of the material. The Kramers-Kronig dispersion relation reads
n(w) =1+ 5/000 ]Z(—w/)dw’, (2.6)

w2 — w?
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with P being the Cauchy principal value, and links the real part n of the complex
refractive index to its imaginary part k£ as a function of frequency w. Commonly, n
is called the refractive index and k is the extinction coefficient of a material. The
extinction of light in a material can also be expressed in the more convenient form

of an absorption coefficient « that links to the extinction coefficient via
a=—) (2.7)

with A being the wavelength of light.

Silicon has a relatively large thermo-optic coefficient of dn/ar = 1.86 - 107 K~ [79]
and strong changes in n.ss can thus be exploited for highly efficient thermo-optic
phase shifters [80,81]. However, this also implies that the operation of SiPh devices
is inherently very sensitive to temperature variations. Devices relying on resonance
effects, in particular ring modulators, need special temperature control mechanisms

or thermally isolated waveguides for stable operation [82-84].

Temperature variations near a silicon waveguide can be produced by passing a cur-
rent through metal strips or doped silicon layers that subsequently change the tem-
perature of the surrounding material. Due to interactions of the optical mode guided
in the waveguide with the highly absorbing metal or doped regions, it is important
that the heating regions are far enough away from the waveguide to not increase the

absorption too much.

2.2.2 Electrorefraction

Effects that change the refractive index at the presence of an applied electric field
are referred to as electrorefraction. The applied electric field leads to distortions in
the crystal structure and the motion of carriers through the crystal which in turn
alters the refractive index n. The strength of this effect depends on the strength of
the applied electric field. Changes that scale linearly with the electric field strength
can be very strong and are known as the Pockels electro-optic effect. Due to the
centrosymmetry of the silicon crystal structure, however, unstrained silicon does not
exhibit the Pockels effect. Modifications of the refractive index that scale quadrat-
ically with the strength of the applied electric field are called the Kerr effect. This
effect is present in all crystalline materials but it was demonstrated to be weak in

silicon [85] and it is thus not used for SiPh devices.
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2.2.3 Electroabsorption

In contrast to electrorefraction, electroabsorption refers to electric field-induced
changes in the absorption of a material. In bulk semiconductors, this effect is called
the Franz-Keldysh effect. If an applied electric field tilts the valence and the conduc-
tion band edge in a semiconductor, photon-assisted tunneling of carriers from the
valence to the conduction band can occur. This causes a red-shift of the absorption
spectrum and unlike in an un-tilted band structure, photons with energies below
the band gap can be absorbed. This change in photon absorption leads to a change

in refractive index via the aforementioned Kramer-Kronig dispersion relation.

Silicon shows a strong Franz-Keldysh effect near its band gap of 1.1eV, which cor-
responds to a wavelength of approximately 1130 nm. This is too far away from the
main optical communications wavelength window of interest (=~ 1300 nm — 1600 nm)
to be used for SiPh devices. Germanium (Ge) on the other hand also shows a
strong Franz-Keldysh effect that lies within this wavelength window. Since Ger-
manium can be integrated with silicon during device processing, high performance
SiGe Electro Absorption Modulators (EAMs) have been demonstrated based on this
effect [86-89).

2.2.4 Plasma Dispersion Effect

Changes in absorption of photons induced through changes in the free carrier con-
centration in a semiconductor are described by the Plasma Dispersion Effect (PDE).
The PDE is present in all crystalline materials. For silicon, that is transparent in
the optical communications wavelength range, electrons cannot absorb photons and
be excited from the valence band to the conduction band. Intraband transitions,
however, can still lead to photon absorption as long as the energy and momentum
in this process is conserved. Since silicon is an indirect semiconductor, phonons or
impurities are required to provide the additional momentum for the absorption pro-
cess to occur. Injecting carriers into or depleting carriers from a diode-like structure
is therefore a common way to manipulate the free carrier concentration and enhance
or suppress intraband absorption. Similar to thermorefraction, this leads to changes

in the refractive index of the region in which the carrier concentration changes.

The change in refractive index n and absorption coefficient o as a function of free
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hole Nj, and electron NN, concentration are given by the Drude Lorenz equations,

3\2 N, N,
Ao = —< L=t (2.8)
Aricdegn \ pem??  wm;
—e2)\? N. N,
An=_—°"2 + (2.9)
8m2c2eon \ md  m;

with the fundamental charge e, speed of light ¢, vacuum permittivity €. Hep and
m , are carrier mobilities and effective masses for electrons and holes, respectively.
Soref and Bennet examined the change in absorption Aa and in the refractive index
An of silicon as a function of the free carrier concentration for the telecommuni-
cations wavelength bands. They deduced simple, semi-empirical equations |85, 90]
that nowadays are widely used for silicon photonic device design and simulation. At

A = 1.3 um, the equations read

An = —6.2-1072AN, — 6.0 - 107 "*(AN,,)°*, (2.10)
Aa=6.0-10""AN, + 4.0 - 107 °AN;,. (2.11)

For A = 1.55 um, the formulas become

An = —8.8-10"2AN, — 8.5 - 107 "*(AN,)°*, (2.12)
Aa=85-10""AN, + 6.0 - 107 °AN;,. (2.13)

As can be seen in Eqns. (2.10) - (2.13), to achieve a significant change in absorp-
tion of refractive index, large changes in the free carrier concentration are required.
This is why active SiPh devices relying on the PDE are highly doped, typically in
the order of 10" — 10'® cm™3. Such high free carrier concentrations also increase
the absorption significantly and a compromise between increase in absorption and

change in refractive index has to be found by optimizing the doping profile.

2.3 Lasers

Naturally-occurring silicon is an indirect band gap material. The momentum of an
electron when it emits or absorbs a photon is thus not automatically conserved.
Additional momentum is required for both processes to occur. As additional mo-
mentum cannot be provided systematically, the process of stimulated emission in

silicon cannot be controlled. Efficient lasers, needed as light sources for SiPh TRx,
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cannot be made in natural silicon. Approaches for lasers in strained silicon [91] or
with Germanium-on-Silicon (GeSi) [92] have been demonstrated in labs but are still

far from commercial viability [93].

The currently preferred alternative is hybrid integration of III-V gain materials, such
as InP-compounds, with silicon waveguides [94-96|. This allows the development of
silicon-based lasers that can be used as light sources for SiPh TRx. However, due to
the challenges of integrating two different material systems, such lasers show inferior
performance over traditional ITI-V lasers. They are nonetheless efficient enough for

commercial applications [97].

In contrast to typical commercial applications, lasers would not be directly inte-
grated on-chip for HEP applications. Instead, they would be placed away from the
SiPh chips and the two would be connected with optical fibers. This approach en-
ables the use of COTS ITI-V lasers that can be placed far enough away from the
innermost detector regions. In this way, radiation-induced damage on the laser can

be minimized simply by avoiding the extreme radiation levels.

2.4 Modulator types

Owing to the fact that there are no efficient lasers in natural silicon, directly mod-
ulated laser links are not possible with SiPh. Indirectly modulated links based on a
modulator fed by an external light source are used in SiPh instead. Several different
types of modulators have been proven to work for this purpose. Interference-based
modulators like a Mach-Zehnder Modulator (MZM) offer a broadband spectral op-
eration (dozens of nanometers) and a higher tolerance against process variations and
environmental changes than resonant-devices [98,99]|. The drawbacks of MZMs are
that their footprint is rather large (> 0.5mm?) and they consume a considerable
amount of electrical power. This is because their modulation efficiency is not as

high as for other modulator types.

On the other hand, ring modulators are small (< 0.01 mm?) and consume little power
thanks to their high modulation efficiency [100,101]. This comes at the cost of a
very narrow spectral operation window (< 1nm) and a high sensitivity to fabrica-
tion variations. Furthermore, resonance-based modulators such as ring modulators
or Bragg grating modulators [102] are usually extremely sensitive to temperature
variations. Therefore, these device types are not well suited for application in HEP

experiments where varying temperatures can be found.
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Germanium-on-Silicon-based EAMs can have a small footprint, wide modulation
bandwidth and low power consumption [103]. However, their spectral operation is
also limited to a narrow window near the absorption edge of germanium [104]|. This
could pose a problem for HEP applications in a varying temperature environment
where the wavelength might drift due to thermal changes in the laser. Moreover,
the radiation-hardness of similar devices (III-V EAMs) was already assessed and

demonstrated to be too low for the targeted application [105].

2.5 Silicon Mach-Zehnder modulator

Mach-Zehnder modulators were chosen to be investigated for HEP applications due
to its maturity and robustness against environmental changes and because of the

drawbacks of the other modulator types.

2.5.1 Principle of operation

The Mach-Zehnder modulator is one of the most common photonic modulator
types fabricated in integrated opto-electronics today. One reason for this is their
widespread implementation in LiNbO3- and InP-based photonic modulators for long-
haul optical communications. The fundamental concept of such a modulator type
dates back to 1891/92 when Ernst Mach and Ludwig Zehnder invented the Mach-
Zehnder Interferometer (MZI). As with every interferometer, the optical output
power of an MZI is modulated by means of interfering light beams. In their original
experimental setup, Mach and Zehnder split an incoming light beam equally into
two separate beams and introduced an optical path length difference between them.
Depending on this path length difference, both light beams accumulate different
phases with respect to each other until the point where they recombine. This phase
difference can be exploited to produce either constructive or destructive interference
at the interferometer output. The resulting amplitude modulation in an MZI is
thus effectively realized by phase modulation in one or both interferometer arms.
Constructive interference occurs when the two beams are in-phase, i.e. when the
phase shift obeys A¢ = 2rm with m being an integer. Destructive interference can

be observed for A¢ = wj when j is an odd integer.

In integrated photonics, MZMs are used to convert an electrical data stream into
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Figure 2.4: Principle of an MZM showing the conditions for the phase shift that leads to
constructive and destructive interference at its output. Optical waveguides
are shown in red. The splitter and combiner are typically based on Multi-
Mode Interference (MMI) couplers [106-108|.

an optical data stream. The principle is the same as for an MZI but realized on-
chip. A schematic of an integrated MZM in shown in Fig. 2.4. Since the physical
path length L cannot be altered on-chip, the optical path length nL has to be
modified in order to create a phase shift between the two beams. Phase shifters are
therefore incorporated into both waveguides of the MZM to be able to manipulate

the refractive index through the Plasma Dispersion Effect described above.

Changes to the material’s refractive index n also affect the effective refractive index
of the guided mode in the MZM’s waveguides. The resulting phase shift after the
light beams traveled through the phase shifters can be expressed as [109]

27TAneffL

Ap ===

(2.14)

The changes in the effective refractive index An.s; are determined by the overlap
integral between the optical mode and the region where the carrier concentration,

and so indirectly also the refractive index, changes. The overlap integral is [110]

T An(z,y, 2)|E(z,y, 2)|?
Angrp = /// ’ ’ dzdydz, 2.15
g B, 2)P 219

with E being the amplitude of the electric field of the optical mode and z, y being
the spatial coordinates perpendicular to the propagation direction z of the light

beam in the waveguide.

The larger the overlap between optical mode and the region in the phase shifter
where the refractive index varies, the larger the change in effective refractive index

of the guided mode and the better the phase shifter design. Well-designed phase
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Figure 2.5: Transfer function of an ideal MZM showing the power transmitted through
an MZM as a function of phase shift or voltage V; required to obtain a phase
shift of . The quadrature points (+Quad) around which an MZM is typically
modulated and peak-to-peak modulation voltage V,,, are highlighted.

shifters exhibit a high phase modulation efficiency, i.e. a phase shift of = can be
obtained for low voltages V. applied to phase shifters with a short length. A typical
figure of merit is expressed in units of Vem, where lower numbers indicate higher

phase modulation efficiencies.

The optical output power of an ideal MZM depends on the phase shift of the two
recombining light beams with respect to each other and is given by the periodic

transfer function [111]

b
2

Pin

Pout = 9

2 [1+ cos(Ag)] = 3

1+ cos (M>] , (2.16)

where P, is the optical power coupled into the modulator and absorption losses
being neglected in this formula. This transfer function is plotted in Fig. 2.5. The
plot illustrates that a phase shift as close to 7 as possible maximizes the difference
between the MZM'’s on- and off-state optical power levels. That so-called extinction

ratio, in dB given by

P
ER =10-log (PO" ) , (2.17)
of f

is an important property of modulators used for optical communications. For large
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extinction ratios, it becomes easier for an optical receiver (Rx) to distinguish between
zero- and one-levels of a transmitted data stream and the number of bit errors can
be reduced. An alternative measure for the difference between the MZM’s on- and
off-state optical power levels is the Optical Modulation Amplitude (OMA). It relates
the average optical power level F,,, of the modulated signal to the linear extinction

ratio r. = Pon/p,;; and is defined as

OMA:QPavgj :Pon_Poff' (218)
T

re — 1
Similar to the ER, a larger OMA implies a better modulation performance. Ac-
cording to these definitions, the ER remains unaffected if there is attenuation or
amplification in an optical link whereas the OMA changes. The OMA is used in
Chapter 6 to quantify eye openings because the absolute power levels at the Rx
ultimately decide whether it can correctly identify a bit and therefore keep the

Bit-Error-Rate low.

2.5.2 Phase shifter configurations

Three different kinds of phase shifters exist that all exploit the PDE in silicon. All
of them rely on p- and n-doped regions inserted into the waveguides of an MZM
and the resulting change in the free carrier concentration when a voltage or current
is applied to them. The three different types are based on either carrier injection,

carrier accumulation or carrier depletion.

Injection-type phase shifters

A forward-biased pin-diode is commonly used for injection type phase shifters. A
schematic of such a phase shifter is shown in Fig. 2.6. The waveguide is in the
intrinsic (un-doped) region of the pin-diode. Due to the absence of dopants, absorp-
tion losses are relatively low when no voltage is applied. When a voltage is applied
and carriers are injected into the waveguide, losses increase and the change in carrier
concentration induces a change in n.r¢. This change can be relatively large because
of the large change in free carriers. A phase shift of 7 can hence be achieved in

relatively short injection-type phase shifters.

The modulation speed of this phase shifter type is determined by the recombination
lifetime of the minority carriers in the junction. As their lifetime is relatively long

(100ns — 1 us), the modulation speed is rather slow with bandwidths in the range
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Si substrate

Figure 2.6: Schematic of an injection-type phase shifter based on a pin-diode. n+-+ and
p-++ indicate highly n- and p-doped silicon, respectively. Intrinsic (un-doped)
silicon is labeled with i-Si.

of MHz [72|. This limitation can be overcome by using pre-emphasis driving signals
where the leading edge of the drive signal has a higher voltage than the average
voltage during the actual pulse. MZMs with bit rates up to 25Gb/s have been
demonstrated based on this technique [41,112]. The drawback of using pre-emphasis
driving signals is the need for more complex and thus more expensive electrical

circuits.

A further drawback of this structure is that the power consumption of injection-type
phase shifters is comparatively high due to forward currents in the mA range. In
addition, pin-diodes are known to be not very radiation-hard because the intrinsic
regions can become p-type under irradiation [113]. This causes the depletion region
to shift in the waveguide of the phase shifter. Consequently, the overlap with the
optical mode becomes smaller and the device loses its efficiency and eventually even

its functionality.

Accumulation-type phase shifters

The first ever SiPh MZM with a bandwidth in the GHz-regime was demonstrated
by Intel in 2004 [114] using an accumulation-type phase shifter. In contrast to a
phase shifter with pin-diode, the recombination of electrons and holes is prevented in
this device type by inserting an oxide barrier of few nm thickness in the waveguide
between the n- and p-doped regions (Fig. 2.7). In this way, electrons and holes
accumulate at both sides of the barrier when injected into the waveguide and locally

increase the free carrier concentration. This again leads to a change in n.yy.
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Figure 2.7: Schematic of an accumulation-type phase shifter with a barrier between the
n- and p-doped regions.

The modulation bandwidth of an accumulation-type phase shifter is not limited
by the minority carrier lifetime since the carriers do not recombine. High-speed
and very efficient devices have been demonstrated with speeds up to 40 Gb/s [115].
Furthermore, no significant current can flow in these devices which reduces its power

consumption.

On the downside, this structure is more complex to fabricate because of additional
process steps required to make the device, particularly when poly-silicon is used
together with crystalline silicon to form the conductive paths between the barrier
[115]. For HEP application, introducing an oxide layer into the active region of a
device should also be avoided since the oxide is very sensitive to radiation damage

because of charge buildup (see Section 3.2).

Depletion-type phase shifter

The most often cited phase shifter type is based on carrier depletion from a pn-
junction. Many different devices with various junction positions and shapes have
been published [116-120]. A cross-section of a depletion-type phase shifter with
lateral pn-junction is shown in Fig. 2.8. As opposed to the other two device types,
pn-junction phase shifters are reverse-biased to remove carriers from the depletion
region and widen it. The reduction in free carriers leads to a change in the effective
refractive index n.rs with the opposite sign when compared to the other two device
types. For the same reason, the absorption reduces when a voltage is applied to the

phase shifter.
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Figure 2.8: Schematic of a depletion-type phase shifter with lateral pn-junction.

Since electrons and holes do not recombine in a pn-diode under reverse bias, the
dynamic processes in a depletion-type phase shifter are dominated by the majority
carrier lifetime which is typically in the range of picoseconds for these devices. The
intrinsic cutoff frequency is thus very large and the modulation bandwidth is usually
limited by the inherent series resistance Rg and capacitance C'; of the pn-junction.
The modulation bandwidth for MZMs with lumped electrodes can be estimated
through [121]

1

—_—. 2.1
27TR50J ( 9)
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MZMs optimized for high-speed performance have been demonstrated with bit rates
up to 60 Gb/s [122] and modulation efficiencies below 1 Vem at 1V reverse bias [123)].

Depletion-type phase shifters show the lowest phase modulation efficiencies of all
configuration types. They thus need to be relatively long to produce a phase shift
of m. Nonetheless, it is the most promising phase shifter type for commercial appli-

cations because of its relatively easy fabrication and demonstrated performance.

Crucial for the functionality of all phase shifter types is that carriers can be injected
or depleted from the active region in the waveguide to induce a phase shift. The
observed x-ray-induced phase shift degradation (see Fig. 1.7) suggests that this
mechanism is most likely inhibited by damage created through ionizing radiation.
Improving the device’s radiation-hardness thus implies mitigating this consequence
and maintaining the ability to move carriers in and out of the phase shifter even

after exposure to high TID levels.
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2.6 Silicon-Germanium photodiodes

Photodiodes (PDs) are required to convert an optical data stream back into an
electrical data stream on the receiver side of an optical link. Photodiodes are also
needed for feedback and control loops in integrated circuits. Unfortunately, silicon
PDs cannot be used for this purpose since silicon is transparent in the wavelength
range of interest. Luckily, germanium is a very good absorber in the optical commu-
nications wavelength range with a band gap of 0.66eV (which equals a wavelength
cutoff of 1800 nm). Accordingly, GeSi PDs are used to add the photon detection
capability to the SiPh platform.

Thanks to the CMOS-compatible epitaxial growth of germanium on silicon, waveg-
uide integrated GeSi PDs nowadays show a performance comparable with their more
mature III-V counterparts. With dark currents below 0.1 pA at —1'V bias [124], re-
sponsivities of almost 1 A/W [125] and bit rates of up to 40 Gb/s [126-128|, GeSi
PDs are well suited for high-speed and low-power integrated SiPh.

2.7 Summary

Silicon Photonics offers the possibility to integrate lasers, modulators and photodi-
odes in a CMOS-compatible process. A common modulator-type in this technology
are Mach-Zehnder Modulators (MZMs) that are based on interfering light beams.
They are mature and robust against fabrication variations and environmental con-
ditions. Modulating the optical path length in these devices can be achieved by
applying a voltage to a pn-junction that is incorporated into a silicon-waveguide
surrounded by silicon dioxide. In this way, carriers are depleted from or injected
into the waveguide and the resulting changes in the carrier concentrations then
translate to changes in the refractive index of silicon through the Plasma Dispersion
Effect. Depletion-type MZMs were chosen as candidate devices for radiation-hard
optical links in HEP applications because injection- and accumulation-type MZMs

are likely more susceptible to damage from radiation.

33



3 Radiation effects in silicon

devices

Many different charged and neutral decay particles are produced when protons col-
lide in the (HL-)LHC. These secondary particles radiate away from the particle
collision point into all directions and can sooner or later impinge on the components
installed in the particle detector. The resulting particle-matter interactions can be
in the form of e.g. Rayleigh scattering, Compton scattering or elastic and inelastic
scattering |6]. What all those interactions have in common is that they will result in
an energy transfer from the impinging particle to the target material. This transfer
of energy can create defects in the target which in turn alter the material and device
properties [129], resulting in increased power consumption, reduced speed or even

complete loss of functionality of a device.

Fundamentally, two basic damage mechanisms can be distinguished. First, displace-
ment damage caused by non-ionizing energy loss of heavy particles. Displacement
damage is particularly relevant in semiconductor materials because it can create de-
fects leading to levels appearing in the band gap. The second damage mechanism is
Total Tonizing Dose (TID) damage caused by energy loss of ionizing particles. This
effect is especially problematic in insulators, for instance like in the oxide as used
for the cladding in SiPh waveguides. The basics of both mechanisms are described

in this section.

Single Event Effects (SEE) like those relevant in electronic Integrated Circuits (ICs)
[130-132| are not described here. They refer to single ionizing particles that impinge
on a circuit or device and result e. g. in a short circuit or a change in a signal level.
SEEs play mainly a role when it comes to the radiation-hardness of submicron
devices because of the limited volume that can be affected by an single ionizing
particle. However, the energy of single particles is typically not sufficient enough to
affect devices with feature sizes as big as those in SiPh MZMs (> 15 um?).

Further information on particle-matter interactions beyond the scope of this theo-
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retical introduction can be found e.g. in [133-139].

3.1 Displacement damage through non-ionizing

energy loss

High energy particles, e.g. protons, neutrons or heavy ions, impinging on a target
material can displace atoms from their lattice sites and create defects, i.e. irreg-
ularities in the otherwise regular crystal structure. This so-called bulk damage is
illustrated in Fig. 3.1. The displacement of atoms originates from the transfer of
kinetic energy from the impinging particle to the target, either through elastic or
inelastic scattering. If enough energy is transferred to an atom, it can be knocked
out of its lattice position. This Primary Knock-on Atom (PKA) often immediately
recombines again with its now vacant lattice position. If the atom escapes this initial
recombination, it leaves behind a lattice vacancy and finds a new position outside
the regular atomic lattice. This atom is then called interstitial atom and together
with the vacant lattice position it is known as Frenkel pair. Typically, the PKA
knocks out further atoms that can also act as PKAs while they move through the
atomic lattice before they recombine or become trapped. This process can provoke

entire damage cascades which lead to the formation of clusters of lattice defects.

The irregularities in the crystal lattice give rise to energy states in the otherwise
forbidden band gap. These states can act as generation-recombination centers or
permanent and temporary trapping sites for carriers in deep and shallow states in
the band gap, respectively. Furthermore, they can lead to compensation of donor

and acceptor levels, reduced carrier mobilities or type conversion of dopants due

interstitial atom \ Frenkel pair
lattice o - - o - o

= "
“o
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Figure 3.1: Creation of displacement damage in bulk semiconductors when an incident
particle displaces an atom from it lattice position. The resulting lattice va-
cancy and interstitial atom together are referred to as Frenkel pair.
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Figure 3.2: Semiconductor band structure with possible defect types created through
displacement damage, after [141].

to carrier removal [140]. The different damage processes are depicted in Fig. 3.2.
Changes to the doping concentrations in semiconductor devices and electron hole
pair creation can significantly degrade the performance of electrical and optical
devices. For instance, n-doped regions can become intrinsic or even p-doped when
electrons are stripped away [113]. This would affect the position of a pn-junction
in SiPh MZMs which in turn might no longer be able to provide the desired phase
shift.

The amount of displacement damage caused scales linearly with the Non-Ionizing
Energy Loss (NIEL) of the incident particles [142]. The NIEL coefficient depends
on the material- and radiation-type. It measures the amount of energy that is lost
per unit length by the impinging particle through non-ionizing processes. According
to the NIEL hypothesis, it is assumed that the bulk damage created is proportional
to the total kinetic energy imparted to replace an atom and the mass m of the
target. The corresponding equation that relates the Kinetic Energy Released in
Matter (Kerma) K to the radiation- and the material-dependent NIEL coefficient

reads
K =NIEL-®-m, (3.1)

with ® being the flux of the impinging particles [6].

36



3 Radiation effects in silicon devices

The NIEL coefficient is a useful means to compare displacement damage in a specific
target material caused by different kinds of radiation and allows the correlation
of this damage to other test conditions. An often-used standard metric is the so-
called 1 MeV-equivalent neutron fluence in silicon. This metric describes the damage
produced in silicon by neutrons having an energy of 1 MeV. Damage created by
other particles can be converted to that metric and measured radiation resistances

can easily be compared.

This standard metric has been chosen because the sensitivity of devices to dis-
placement damage is often tested with neutron radiation. This is because neutrons
are uncharged particles and consequently cannot directly create TID damage [6].
Therefore, neutron irradiation tests are a relatively straightforward method to test

for displacement damage.

Such neutron irradiation tests of SiPh MZMs were already carried out and showed
that their phase shift was not significantly affected up to a very high neutron fluence
(see Fig. 1.7). An intuitive explanation for this insensitivity is that a 1MeV-
equivalent neutron fluence of about 110" n/cm? creates a defect density in silicon
of a few 1-10' cm™3 [142]. For lower fluence levels the corresponding defect density
scales linearly with the neutron fluence. Based on the NIEL hypothesis, it can
be assumed that this linear dependence can be extrapolated to a fluence of up
to 1-10'°n/cm? and the corresponding defect density would be in the order of
10 cm ™. This is at least one order of magnitude lower than the typical doping
concentration in SiPh MZMs, which effectively is just another form of a defect in
the crystal structure. The insensitivity of SiPh MZMs to displacement damage can
thus be attributed to the fact that the density of doping-like defects is much higher
than the defect density induced by radiation of high energy particles.

3.2 Total ionizing dose damage through ionizing

energy loss

While x-ray or 7-radiation can be very energetic, from a few keV to a few MeV,
the energy of the photons is typically not high enough to directly displace atoms
from their lattice sites. Instead, electrons are excited to higher energy states and
electron-hole pairs (ehps) are created when an ionizing particle is scattered in a
target material. This is of special relevance in insulator materials because the created

ehps can become permanently trapped and the electrical characteristics of a device
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Figure 3.3: Creation of TID damage when an photon excites an electron that travels
through the oxide and creates electron-hole pairs along its track.

can change.

The process of charge creation from an incident photon is depicted in Fig. 3.3.
An incident high energy photon is scattered at an atom in the target material.
Upon impact, some of its kinetic energy is transferred to an atom’s electron which
is subsequently released. This electron then travels though the material and loses
energy by further scattering. The energy can be used to produce additional ehps

along the track of the initial electron.

The number of ehps created by radiation depends on the density p and the ionization
energy Fj;, of the target material as well as the absorbed radiation energy AFE. The
ionization energy is typically twice the band gap energy, i.e. 18 eV for silicon dioxide.
The density of silicon dioxide is 2.27 g/cm?. The generation rate of ehps for a TID
of 1rad = 0.01 Gy then becomes [143]

_AE
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Some of the ehps recombine again promptly, similar to a displaced atom with its va-
cant lattice position for displacement damage. Other ehps escape the recombination
process. The ratio of ehps that escape the prompt recombination is determined by
the strength of the electric field at the position where an ehp was created and the
type of radiation impinging on the material. The higher the electric field strength
E, the higher the probability that the two carriers will be separated due to their
drift in the electric field before they can recombine. The yield Y (F) of ehps that
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Figure 3.4: Creation, transport and trapping of ehps in oxide, after [133].

escape recombination can be calculated through

E+01V/em\™
Vo= (Fra)

with Ey and my being radiation-dependent constants [144]. For x-rays, they are
my = 0.9 and E; = 1.35MV/cm, while for v-radiation my = 0.7 and Ey, =
0.55 MV /cm [143].

(3.3)

The total number of created ehps that do not promptly recombine becomes
Newps = g0 - Y (E) - TID. (3.4)

These charges undergo drift and diffusion transport. Since electrons have a much
higher mobility than holes (i, = 20 cm?/Vs, w, = 107° cm? /Vs [145]), it is generally
accepted that all electrons leave the oxide either via the device’s anode or through
tunneling into silicon [138]. Holes on the other hand remain in the oxide and are
considered to move through it by hopping transport [146|. Figure 3.4 shows the
entire process schematically. The hopping transport is enabled through shallow
defect sites, referred to as E§ vacancies, with an energy of 0.5 — 1.0eV above the
valence band and uniformly distributed throughout the oxide. This defect type
belongs to the group of neutral oxygen vacancies, commonly referred to as E’ centers
[147]. The other important defect type of this group are deep trap levels with
energies greater than 3.0eV above the valence band [148]. They are called E!

vacancies and follow a Gaussian distribution in the oxide with the peak concentration
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near the silicon/oxide interface [149]. The occupancy of both E’ centers can vary
as they can exchange charge with adjacent silicon layers via tunneling within a few
nanometers from the silicon/oxide interface [150]. For theoretical considerations,

however, deep traps are usually considered fixed [151].

The holes moving through the oxide can cause two main effects in it [152|. The first
one is trapping of positive charge in the bulk oxide [153,154]. While the holes hop
from one shallow defect level to another, they can fall into pre-existing deep traps
levels and become permanently trapped. The number of trapped holes depends on
the density of pre-existing defect states in the oxide which is related to the oxide
quality. The higher the oxygen vacancy density, the worse the oxide quality and
the less radiation-hard it is [155]. The fabrication of silicon devices with its many
different process steps has an important impact on the device performance with
respect to radiation-hardness [156]. The density of oxygen vacancies can for instance
be minimized by using low instead of high temperature annealing during device
processing [157]. Using hydrogen during fabrication, e.g. during wet oxide growth
or polishing, should also be avoided since it also reduces the oxide quality [158].
Oxides for SiPh are usually not specifically treated and are thus expected to have

relatively large defect densities.

Besides becoming permanently trapped, holes can also initiate the second main effect
in the oxide, the buildup of interface traps at the interface with silicon. Protons can
be released from the oxide if radiation-induced holes interact with hydrogen defects
therein [159]. These protons show a very high diffusivity and can accumulate at
the silicon/oxide interface [160]. If they reach the interface, they can react with
hydrogen-passivated silicon and form dangling bonds via to the following reaction
[161]

SiH + H™ — Sit + H,. (3.5)

Here, Si™ is the interface trap and is called a Pb center [162]. The most abundant
forms often used in simulations are an acceptor level and a donor level at 0.3eV and

0.85eV above the valence band of silicon, respectively [163].

3.3 Hydrogen-induced dopant passivation

Apart from the buildup of interface traps, the passivation of deep and shallow

dopants in silicon [164-167| is another damage mechanism that involves hydrogen
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and can be induced by ionizing radiation. Hydrogen species, which are released by
radiation-induced electrons or holes from defects in the oxide, can not only accumu-
late at and react with the interface but also tunnel into adjacent silicon layers [168].
There, hydrogen atoms or ions can bond to boron acceptor or phosphorous donor
atoms and passivate them. Excess carriers in silicon provided by the dopants are
annihilated in such a reaction. As a result, the free carrier concentration in sili-
con decreases while the mobility of the remaining free carriers increases [169]. This

process is also called hydrogenation.

Concentrations of hydrogen species in the order of 1 -10® — 1 - 10* cm™ near
silicon interfaces and concentrations as high as 1-10'® cm™3 up to 500 nm deep into
silicon [170-172| highlight that the dopant passivation process can affect very highly
doped regions deep into the material [173].

As dopant passivation and interface trap creation both involve hydrogen impurities,
it is assumed that both are correlated and have a similar dependence on TID. In
particular, hydrogen can tunnel more easily through the silicon/oxide interface and
trigger the passivation process when interface traps are present [174|. However, the
passivation efficiency for boron and phosphorous is different [175]. Reasons include
that hydrogen diffuses relatively fast into P-doped silicon and that its diffusion
profile resembles that of the boron implantation [176]. In contrast, the diffusion of
hydrogen into n-doped silicon is slower [176]. Furthermore, hydrogen binds more
tightly to boron than to phosphorous [169]. Hence, the passivation of boron is
stronger than that of phosphorous [177].

3.4 Summary

Damage from radiation can occur to semiconductor devices via ionization and/or
displacement damage. The latter is of little concern in SiPh MZMs because of the
very high doping concentration in these devices. Ionizing radiation on the other hand
can lead to the generation of trapped positive charge in oxide layers and interface
traps as well as the passivation of dopants in silicon. These defects change the
electrical properties in SiPh MZMs and can ultimately lead to device failure. An
MZM design that mitigates these defects and shows an improved radiation-hardness

against ionizing radiation thus needs to be identified.
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test chip

The initial irradiation tests of SiPh MZMs based on a conventional design clearly
showed that these devices are barely affected by neutron radiation but degraded un-
til their phase shift eventually disappeared when irradiated with x-rays. Inspired by
these outcomes, a SiPh chip was designed and fabricated in an external foundry to
determine whether SiPh MZMs can be radiation-hardened by design [178,179|. The
chip included twelve different MZMs with varied design parameters that allow a de-
tailed assessment of which parameters affect the radiation-hardness of SiPh MZMs.
Six of those MZMs were building block devices pre-designed by the foundry where
the chips were fabricated. These building block devices are expected to deliver the
performance specified by the foundry but are not necessarily radiation-hard. The
other six MZMs were custom-designed modulators. The simulations performed to
ensure a proper design for these custom-designed MZMs, the integration of the find-
ings from the simulations into a mask layout and results from functional verification

tests are presented in this chapter.

4.1 Multi-project wafer runs at imec

The SiPh chip was designed for fabrication in a Multi-Project Wafer (MPW) run
offered by imec [180] and organized through ePIXfab [181]. An MPW run was
chosen for this prototyping work as the costs of fabrication are comparatively low
because they are being shared among several users. Imec’s MPW fabrication process
relies on the 130nm process node and Silicon-On-Insulator (SOI) wafers with a
diameter of 200 mm. The design freedom in such an MPW run is limited as it would
otherwise be impossible for the foundry to fabricate the wafers at an affordable
cost for the individual user. On the other hand, the foundry can offer pre-designed
building block devices that will provide a guaranteed minimum performance due

to the established process conditions. Examples for offered building blocks include
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MZMs, ring modulators, photodiodes and waveguides. This allows customers to
create more complex photonic integrated circuits without the need for profound

device expertise.

A schematic cross-section through a phase shifter for the chosen MPW run at
imec indicating the relevant design parameters is shown in Fig. 4.1. The fol-
lowing design parameters are constant in the process flow: concentration of the
contact (n++/p-++) and intermediate (n+/p+) doping implantations, thickness of
the Buried Oxide (BOX, 2 um) and top oxide (1 um) waveguide cladding and height
of the active silicon layer (220nm). The height of the active silicon layer was chosen
such that only the fundamental modes for TE- and TM-polarization are guided in
the vertical direction [77]. General single-mode operation can then easily be satisfied

by defining the width of the waveguide accordingly.

Design parameters that could be varied in the MPW are the following: width of the
waveguide w, etch depth h of the waveguide (full etch, shallow etch with 150 nm
thick slab or deep etch with 60 nm thick slab), n- and p-doping concentrations in
the waveguide (nominal doping or 2x nominal doping) as well as the width wp,, of
the waveguide doping. The width of the waveguide doping should not significantly
affect the overall performance of the MZMs if the intermediate n+/p+ doping is not
too close to the waveguide rib. If wp,), is too small, however, it will yield increased
absorption losses due to interactions of the optical mode with the intermediately
doped regions. wp,, was nonetheless included in the parameter set to be varied to
assess whether it will affect the MZM’s phase shift degradation when irradiated with

X-Trays.

Since the design freedom is limited in an MPW, the number of possible MZM designs
is also restricted. In total, eight different custom-design MZMs for a wavelength

around A = 1550 nm were included in the chip layout:

e MZM with deep etch waveguide and nominal doping in the pn-junction,
e MZM with shallow etch waveguide and nominal doping in the pn-junction,
e MZM with deep etch waveguide and 2x nominal doping in the pn-junction,

e MZM with shallow etch waveguide and 2x nominal doping in the pn-junction.

Each of these four configurations comes with two different values for the waveguide
doping width wp,,. MZMs having the nominal doping come from one wafer, MZMs
having 2x the nominal doping come from another wafer. The chosen designs were
inspired by findings published in [182]. According to these results, a shallow etch

waveguide and high doping concentrations in the pn-junction of the phase shifters
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Figure 4.1: Schematic cross-section through a phase shifter from an imec process. Con-
stant process parameters in an imec MPW are shown in white, continuously
variable parameters in black and discretely variable parameters in yellow.

should improve the radiation-hardness of SiPh MZMs against ionizing radiation
because a larger number of free holes in the waveguide slab would delay a radiation-
induced pinch-off (cf. Sec. 5.3.2).

The length of the custom-design MZMs could have been also varied in the imec
MPW. It was kept constant, however, because building block MZMs with varied
length were used to assess the effect of this design parameter on the radiation-

hardness.

Four custom-design MZMs for operation at a wavelength around A = 1310 nm were
also included in the chip layout, in case tests at this wavelength had to be performed.
These devices come with either a deep etch or shallow etch waveguide, one value for

Wpep and both doping concentrations.

4.2 Optimization of phase shifter design

Setting the radiation-hardness aside, a large phase shift generally leads to a better
modulation performance of MZMs. Therefore, the phase shifter design of the dif-
ferent MZMs must be optimized to achieve the largest possible phase modulation
efficiency while keeping the losses to an acceptable level. Static electro-optical sim-
ulations were employed for this purpose. The radiation-hardness of the MZMs was

not taken into account in the simulation at this stage.

44



4 Design of a silicon photonics test chip

(b)

(c)

Figure 4.2: Schematics of a deep etch phase shifter with interleaved pn-junction (a) as well
as deep (b) and shallow (c) etch phase shifters with lateral pn-junction. The
gray regions between n- and p-doped fingers in devices with interleaved pn-
junctions are un-doped silicon regions. The different shape of the fundamental
mode guided in these waveguides results from the different etch depths.

4.2.1 Simulation procedure

The phase modulation efficiency can be evaluated by calculating and comparing the
phase shift of different MZMs at a given voltage. For this, the effective refractive
index n.sy of the optical mode in the doped silicon waveguide of the phase shifter
needs to be computed. This can be done by simulating the spatial distribution
of the electron and hole densities in the doped silicon waveguide as a function of
applied voltage and using the results to convert the carrier densities into a spatial

distribution of complex refractive indices via the Soref-Benett Eqns. (2.10 - 2.13).

The 2D carrier densities for MZMs with lateral pn-junction were simulated with the
Synopsys Sentaurus TCAD toolbox [183]. 3D simulations did not need to be carried
out in this case since the devices are uniform along the z-direction (the direction of
the waveguide). In contrast, the carrier densities in MZMs with interleaved instead
of lateral pn-junctions, e.g. as depicted in Fig. 4.2 or published in [184,185], also
vary along the z-direction and hence 3D simulations would be necessary to obtain
accurate results. MZMs with interleaved pn-junctions were not simulated since
their radiation-hardness was investigated based on building block MZMs that were

already optimized by imec.
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As stated in Sec. 2.5.1, the phase shift is determined by the overlap of the optical
mode with the region where the carrier concentrations change when a voltage is
applied. Consequently, the width of the waveguide and the position of the pn-
junction in it can be used to optimize the phase modulation efficiency of MZMs.
Simulations were employed to find the optimal waveguide width and pn-junction
position using a range of values for both parameters. The waveguide width was
varied between 400nm and 480nm for deep and shallow etch MZMs. The width
range was chosen such that the waveguide is as wide as possible, since this leads to
a larger phase modulation efficiency [74, Chapter 9|, while at the same time being

not too wide to support more than the fundamental optical mode.

The position of the pn-junction inside the waveguide was varied because, according
to the Soref-Benett equations, changes in the hole density create a larger variation in
the refractive index and lower absorption losses than changes in the electron density.
Due to this asymmetry, phase shifters are often designed with a higher n- than p-
doping concentration and the pn-junction is then off-centered from the waveguide
towards the n-doped region. In this way, the depletion region extends further into
the p-doped region than into the n-doped region when a reverse biased is applied.
This can be seen with the equations for the depletion widths W,, and W, for n- and
p-doped regions, respectively, that read [186, p. 83|

260&} NA
W, = Uy — V), 4.1
\/ (& ND(NA+ND)( b ) ( )

2e0€, Np
P \/ (& NA(NA+ND)< b ) ( )

where g is the vacuum permittivity, €, the relative permittivity, N4 the concentra-
tion of acceptors and Np the concentration of donors. The built-in potential ¥;; of

the pn-junction is given by

2
n;

KT [ NoN
\Ifbi%—ln( 4 D), (4.3)
e

with the Boltzmann constant k, temperature 7" and the intrinsic carrier density n;.
To account for the effect of holes being more efficient in inducing a phase shift than
electrons, the offset of the pn-junction with respect to the center of the waveguide
needs to be determined for a given doping concentration. In the simulations, the
absolute offset d from the center of the waveguide was determined relative to the

width w of the waveguide (see Fig. 4.1 for parameter assignments) and is given
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through
d=wx*dyfpser €.g 40nm = 400nm * 0.1. (4.4)

Here, dyfsser is a relative offset factor that was varied between —0.3 and 0.2 in the
simulations. A positive sign indicates an offset towards the p-doped region whereas

a negative sign denotes an offset towards the n-doped region.

The implantation profiles for all six implantations (contact, intermediate and waveg-
uide doping for n- and p-type implants) were derived from approximate information
about the peak implantation depths and concentrations that was received from imec
(precise implantation information is confidential and was not disclosed). The peak
implantation depths were used to deduce the energies of the implantation process
step in the “Stopping and Range of Tons in Matter” (SRIM) [187] application. Based
on these findings, SRIM simulations were performed to get the distribution of the
implants in 220 nm thick silicon. The profiles obtained were then fitted and normal-
ized to the expected peak concentrations and used in the Sentaurus TCAD device
simulations. The lateral broadening of the implantation profiles with respect to the
implantation direction, the so-called straggle, for the different energies was taken
from [188|.

The simulation was performed in several steps as depicted in Fig. 4.3. The phase
shifters with the geometry and doping concentration to be simulated were con-
structed and meshed in the Sentaurus Structure Editor. This output was then used
to solve the Poisson equation and current continuity equations as a function of ap-
plied reverse voltage (0V, 1V, 2V, 3V) in Sentaurus Device to obtain the electron
and hole concentrations. For the electron and hole concentrations in silicon, Fermi
statistics were used in the simulations. Further, band gap narrowing and the fol-

lowing models were enabled:

Carrier Recombination
Doping- and temperature-dependent Shockley-Read-Hall (SRH) recombina-
tion, including field enhanced SRH lifetimes,
Auger recombination,
Avalanche generation,
Band to band carrier tunneling,

Interface SRH recombination.

47



4 Design of a silicon photonics test chip
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Figure 4.3: Simulation flow diagram from the definition of a device in the Sentaurus
Structure Editor to the calculation of the carrier densities in Sentaurus Device
and the simulation of the complex n.sy in PhoeniX OptoDesigner.

Carrier Mobility
Doping-dependent mobility degradation,
Temperature dependence of mobility,
Carrier velocity saturation due to high electric fields,

Mobility degradation at material interfaces.

The default parameter settings provided with the simulation software were used for

all models.

The simulated carrier densities at a given voltage were exported from Sentaurus
Device to convert them into a grid of complex refractive indices (Fig. 4.3) with the
Soref-Benett formulas. These grids of refractive indices for the voltages of interest
were then imported into PhoeniX OptoDesigner [189]. There, a finite difference
mode solver was employed to calculate the complex effective refractive index ns¢ of

the guided modes in the simulated waveguide for each applied voltage. The change
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in refractive index

Angrr = ne ’ — N ‘ 4.5
ft - 1., (4.5)

and the resulting phase shift at a voltage V) as well as the loss coefficient of the

waveguide at 0V could then be calculated.

4.2.2 Simulation results

Phase shift and loss calculations were produced for each MZM configuration as a
function of waveguide width w and pn-junction offset d,f¢s:. Example results for
the phase shift A¢ per unit length for deep and shallow etch MZMs with nominal
doping and waveguide doping width wp,, = 400 nm or wp,, = 600 nm at an applied
reverse voltage of 3V are shown in Fig. 4.4. Simulations on MZMs having 2x the
nominal doping were not carried out as the geometrical designs are the same to
their equivalent MZMs with nominal doping. This is to ensure that MZMs with
identical design parameters except for the doping concentration can be compared.
They are expected to have larger phase shifts and losses due to the higher doping

concentrations used.

Comparing the results for MZMs with different etch depth, deep etch MZMs have
generally larger phase shifts than shallow etch MZMs. This can be attributed to a
larger confinement factor ', as given in Eq. (2.5), for the optical mode in the deep
etch waveguide than in a shallow etch waveguide (Fig. 4.5). As a result, the overlap

between optical mode and depletion region is enhanced for deep etch waveguides.

The largest phase shift for both etch depths was found when the pn-junction is cen-
tered in the waveguide (zero offset). Based on the received approximate information
about the implantations, the n- and p-doping implants are supposed to be of almost
equal concentration. The depletion region will hence extend almost symmetrically
into both regions under reverse bias, compare Eqns. (4.1) and (4.2). The overlap
integral of the optical mode’s electric field with the depletion region is thus largest
when the pn-junction is not offset with respect to the waveguide center. In contrast,
if the pn-junction were closer to the edge of the waveguide (doffset = 0.2 or —0.3
in Fig. 4.4), the overlap between depletion region and optical mode would go down

and the phase shift decrease.

The simulations further show that the phase shift of deep etch MZMs is barely
affected by the waveguide width. This is because the optical mode in deep etch
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Figure 4.4: Simulated phase shifts at —3V as a function of waveguide width and pn-
junction offset for phase shifters with nominal doping. The “X” indicates the
choice that was made for the designs to be implemented into the final mask
layout.

MZMs is very well confined in the waveguide rib. Consequently, the overlap with
the depletion region does not significantly change when the waveguide width is varied
from 400 nm to 480 nm. In contrast, the phase shift becomes larger for shallow etch
MZMs when the waveguide widths increases. For wider shallow etch waveguides, a
larger fraction of the optical power is guided in the waveguide rib and the overlap

integral with the depletion region therefore enhances.

Figure 4.4 also shows that the simulated phase shift values for the two different
widths of the waveguide doping wp,, are virtually the same. This is because the
phase shift is determined in the center of the waveguide where the depletion region
widens when a reverse voltage is applied. The distance at which the intermediate
doping starts thus does not affect the phase shift because it is too far away from the

center of the optical mode.

The simulated losses, on the other hand, are affected by wp,, (Fig. 4.6). The
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Figure 4.5: Distribution of the electric field of the fundamental TE mode in a deep and
shallow etch waveguide. Due to the reduced etch depth, a larger fraction
of the mode in a shallow etch waveguide extends into the slab region. The
intensity in the rib region is consequently lower than in a deep etch waveguide
for the same overall optical power guided in the waveguide.

tails of the optical mode can still interact with the intermediate doping level in the
slab. The absorption losses thus increase if the intermediate doping implantation is
brought closer to the waveguide rib where most of the light is guided. This holds
true for both etch depths but is again more pronounced for shallow etch MZMs
because the tail of the optical mode extends further into the slab and interacts more

strongly with the intermediate doping levels.

Figure 4.6 further shows that the losses for deep etch MZMs tend to increase when
the waveguide becomes wider. This is due to a better confinement of the optical
mode in the waveguide rib which results in a stronger absorption of photons in the
doped regions therein. In contrast, the optical mode is less confined and a larger
fraction of it is guided outside the waveguide rib in the surrounding oxide when the
waveguide is narrower. Consequently, the overall absorption is lower. The optical
mode in shallow etch MZMs is also less confined when the waveguide is narrower.
In contrast to an optical mode in a deep etch MZM, however, this will lead to
an enhanced interaction of the optical mode’s tail with the intermediate doping
regions in the thick slab. Very high losses occur there and the overall losses thus
increase. The overall losses decrease when the width of shallow etch waveguides
becomes wider. This is because the interaction of the optical mode’s tail with the

intermediate doping regions is reduced.

The losses for deep etch MZMs are lowest when the relative position of the pn-
junction is slightly offset towards the n-doped region (dyffset = —0.1). In this case,
the depletion region maximally overlaps with the peak intensity of the optical mode
and the lowest absorption occurs. The losses increase if the pn-junction is further

shifted towards the n-doped region because the waveguide rib would then be mostly
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Figure 4.6: Simulated loss at 0V as a function of waveguide width and pn-junction offset
for phase shifters with nominal doping. The “X” indicates the choice that was
made for the designs to be implemented into the final mask layout.

n-doped and the high density of electrons therein increases the absorption losses, see
Eq. (2.13). Inversely, moving the pn-junction towards the p-doped region (negative
junction offset) increases the hole density in the waveguide rib and the losses become
again larger compared to a pn-junction at dyffeet = —0.1. The results for shallow
etch MZMs suggest the same tendency. The lowest losses would occur when the
pn-junctions is around dyfrser = —0.1. However, the amount by which the losses
increase when the pn-junction is shifted towards either the n- or p-doped side seems
to be lower than for deep etch MZMs. Additional simulation results for narrower
waveguide widths and over a wider range for d,sfs: would be needed to confirm this

trend.

Overall, the simulated losses are comparatively large when compared to published
values ranging e. g. from 12 dB/cm [190] to 21 dB/cm [191] because of the high doping
concentrations in the waveguide. However, the corresponding phase modulation

efficiencies with 1.86 Vem and 2.4 Vem for [190] and [191], respectively, are also
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inferior to a simulated deep etch MZM (1.42 Vem with w = 450 nm and d = Onm).

Combining the above findings, the largest phase shifts were found for a pn-junction
centered in a waveguide with a width of 440nm (deep etch) and 480 nm (shallow
etch). The lowest losses could be obtained for narrow deep etch waveguides and
wide shallow etch waveguides when the pn-junction was slightly offset towards the n-
doped region. Given that the waveguide processing tolerance can be up to 50 nm and
waveguides from 500 nm width become multi-mode, a waveguide width of 450 nm was
chosen for the actual design for both etch depth. This will ensure that the waveguides
will support only the fundamental mode should the actual width become wider
during processing. The pn-junction was selected to be centered (dyffsee = 0.0) in
the waveguide. Since the width of the waveguide doping wp,, does not significantly
affect the simulated phase shift but only the loss, values of 500nm and 750 nm
instead of 400 nm and 600 nm were chosen for the actual design. In this way, the
phase shift should remain unchanged whereas the overall losses of the custom-design
MZMs should be lower. This facilitates the characterization of the MZMs because

of a better optical signal-noise-ratio.

The same simulation approach was carried out for MZMs to be operated at \ =
1310 nm but is not shown here explicitly. The chosen pn-junction offset was also 0.0
but the waveguide width was selected to be narrower (380 nm) to maintain single-
mode operation [77] at this wavelength. All results shown later are based on devices
designed for A = 1550 nm.

4.3 Integration into mask layout

The simulated custom-design deep and shallow etch MZMs with both wp,,-values
were integrated into a mask layout along with building block MZMs and other
test structures. The final chip layout with a die size of 5mm x 5mm is shown in
Fig. 4.7. In addition to the four custom-design MZMs for A = 1550 nm and two for
A = 1310 nm, the mask layout contains two building block MZMs with traveling wave
electrodes and different lengths (L = 1.0 mm and 1.5 mm) optimized for operation up
to 25 Gb/s, three building block MZMs with interleaved pn-junctions and different
lengths (L = 0.5mm, 1.0 mm and 1.5 mm) that can be modulated with signals up to
10 Gb/s, a building block ring modulator for test purposes not related to radiation,

three building block photodiodes and various passive test structures.

Chips with 2x nominal doping were fabricated based on the same layout with only
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Figure 4.7: Final mask layout (a) and description (b) of the most important structures
on the SiPh test chip.

the implantation step for the n- and p-doping concentration in the waveguide being
different.

Building block Multi-Mode Interference (MMI) couplers were used as splitter and
combiner (cf. Fig. 2.4) for the custom-design MZMs. Connections to optical fibers
can be made through building block grating couplers that were arranged in arrays

to facilitate coupling to multiple optical fibers.

The waveguide-connections to these building blocks are strip waveguides, while the
MZMs need rib waveguides (cf. Fig. 2.2). The profile of the optical mode between
building block components and phase shifters thus needs to be transformed to reduce
mode-mismatch and thus coupling losses. Adiabatic tapers were incorporated into
the custom-design MZMs between the phase shifters and MMIs for this purpose. The
tapers were designed such that, coming from a rib waveguide, the slab is gradually
reduced from its initial width to zero over a length of 100 um (Fig. 4.8). In this
way, the mode shape is adiabatically transformed from a strip to a rib waveguide

and optical losses are kept to a minimum.

The two arms of the custom-design MZMs were made asymmetric, i.e. the waveg-
uides after the two phase shifters but before the combiner do not have the same
length (Fig. 4.9). This introduction of an extra length in one waveguide creates an
additional, inherent phase shift which will produce a wavelength-dependent interfer-
ence pattern at the MZM’s output. This facilitates the experimental determination

of the actual phase shift when a voltage is applied to a phase shifter. The path
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Figure 4.8: Schematic of the adiabatic taper used to transform the optical mode from a
deep etch rib waveguide to a strip waveguide by gradually reducing the width
of the slab. The position of the tapers before and after the phase shifters is
illustrated in Fig. 4.9.

length difference AL, was chosen to be 30 um and together with a simulated
group refractive index of n, = 4.14314 for strip waveguides should result in a Free
Spectral Range (FSR) of [192]

X (1.55um)?

FSR = =
NgALpgn, — 4.14314 - 30 pm

= 19.3nm. (4.6)

With the goal to put as many different MZMs on the mask layout as possible,
compromises with respect to the arrangement of all the bond pads of the individual
MZMs had to be made. It was foreseen to attach planar fiber arrays [193,194] to
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Figure 4.9: Nllustration of unbalanced MZM arms, achieved by adding an extra path
length ALpupn to one arm. The positions of the adiabatic tapers is also
highlighted.

95



4 Design of a silicon photonics test chip

L

deep etch MZ_M, Wpop=500nm
deep etch MZM, W,..=500nm
shallow etch MZ_M, Wp,=500nm
shallow etch MZM, w;_,=500nm

blocked by planar fiber array
gratingcoupler array
grating‘coupler array

blocked by planar fiber array

arm 2
—._arm1

arm 2

~ arm2

arm 2
. _arml

i

|

BEEkEE ERERE HE A H E
\ common signal pads /

Figure 4.10: Area to the left and right of the grating coupler arrays where no MZMs or
bond pads could have been placed because planar fiber arrays would cover
that part. A photograph of a sample with planar fiber array is shown in
Fig. 5.1. The arrangement of the bond pads on the lower side of the chip
is also shown. Due to lack of room, each custom-design MZM has only one
ground (G) pad and shares one signal (S) pad with its neighbor. In contrast,
the building block devices come with a GSGSG configuration to be able to
contact all doped regions individually and to optimize the electrode for high-
speed applications.

the grating coupler arrays in order to allow for phase shift measurements during an
irradiation test. Therefore, bond pads could not be placed on the left or right side
of the chip behind those grating coupler arrays. Otherwise the planar fiber arrays
would have covered the bond pads and no electrical connections to the MZMs could
have been made (Fig. 4.10). MZMs could not have been placed there either as
the planar fiber array would have covered them from radiation. Consequently, the
available unblocked width between the grating coupler arrays was not sufficient to
place wide enough (80 pm) bond pads with the recommended pitch (150 pm) for
all MZMs. A special bond pad arrangement was thus chosen (Fig. 4.10). Each
custom-design MZMs has only one ground (G) pad connected to both arms of the
modulator. In addition, both custom-design deep etch MZMs as well as both custom-
design shallow etch MZMs share a common signal (S) bond pad with their neighbor.

In this way, the total count of bond pads could be reduced while the dimensions and
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spacing of the remaining bond pads comply with the suggestions from the bonding

partner. At the same time, it is possible to measure the phase shift of all MZMs
properly.

In contrast, current-voltage (IV) measurements on MZM arms that share a common
signal pad are not representative of the pn-diode incorporated into these arms.
When measuring the IV of an arm that shares the signal pad with another arm,
there is a leakage current flowing through the second arm. Consequently, only IV
measurements done on an isolated MZM arm can be regarded as fully representative

of the true performance.

As a result of this bond pad compromise, the electrodes of the custom-design MZMs
were not optimized for high-speed applications either. In detail, there are no trav-
eling wave electrodes, there is no possibility to terminate the custom-design devices
electrically and the velocities of optical and electrical RF wave were not matched.
This is not a drawback for the purpose of this research since the focus of this chip
layout was to test the radiation-hardness of MZMs with different design parameters

statically. High-speed applications were of secondary interest at this stage.

Building block PDs are included in the layout so that first results on their radiation-
hardness can be measured as well. The building block ring modulator was put on
the chip in case some tests with such a device would be required. It is not considered
for radiation-hardness evaluations because of its inherent sensitivity to temperature

and process variations.

The passive optical test structures on the chip layout included doped and un-doped
waveguides with different lengths but the same geometrical design as for the deep
etch MZMs. They can be used to determine the waveguide losses via the cutback
method [195]. In order to save some real-estate on the die, the un-doped waveguides
were used as shunt waveguides to connect the two outermost grating couplers of
the arrays together and allow for active alignment of the planar fiber arrays to the

grating couplers [196,197].

Six un-etched, doped silicon regions (one per available doping concentration) are
added to the layout to allow for the determination of the actual doping concentra-
tions used in the process. This can be done by measuring the resistivity of those
doped regions by means of the Van-der-Pauw-technique [198, Chapter 8| and con-

verting it to a doping concentration.
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l\ iV U

Figure 4.11: Photograph of the fabricated SiPh chip. The corresponding mask layout
and an explanation of the different structures are given in Fig. 4.7.

4.4 Functional verification of fabricated chip

The above described mask layout was submitted to imec in January 2015. The fully
fabricated chips were received in October 2015. A photograph of such a chip is shown
in Fig. 4.11. To verify the functionality of the MZMs and compare the results to
the simulations, the phase shifts of the individual MZMs were measured. The setup
of the probe station on which all measurements were done manually is schematically
shown in Fig. 4.12. A phase shift was induced in an MZM arm by applying a reverse
voltage with a Keithley 2410 SourceMeter to the phase shifter in the corresponding
arm. Light from a broadband Superluminescent Light Emitting Diode (SLED) was
coupled through a lensed optical fiber, aligned to the corresponding grating coupler,
into the MZM under test. The transmitted light was collected with a second lensed
optical fiber and measured with a Yokogawa AQ6370B Optical Spectrum Analyzer
(OSA). Example spectra of such a measurement are plotted in Fig. 4.13. The plot
also shows that the measured FSR of the recorded spectra is 18.9 nm, which is very

close to the target value of 19.3 nm.

For the phase shift to be determined, the F'SR and wavelength shift A\ need to be
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Figure 4.12: Schematic of the test setup to measure the phase shift of MZMs.
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Figure 4.13: Example spectra of a custom-design MZM showing the voltage-induced shift
in the transmission as a function of wavelength. The spectra were fitted to
Eq. (4.7) in oder to determine F'SR and AX. The excellent fit confirms the
choice of the fitting function. The static extinction ratio determined from
the fitted curves is 16.9dB.

known. Therefore, the spectra were fitted to

A= Dens ) A=A
Pout =Y + AeXp (— (0'—) > COS2 (%) R (47)

with A, A.., and o.,, being the amplitude, center wavelength and width, respec-
tively, of a Gaussian-like convolution of the SLED spectrum with the grating cou-
plers’ transfer function, g is an offset parameter and Ay the position of a transmission
minima. With the values from the fit of a spectrum measured at a voltage V;, the
wavelength shift

A)\:)\o _)\U

(4.8)

Vi oV
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Figure 4.14: Comparison of measured and simulated phase shifts for custom-design deep
and shallow etch MZMs with both doping levels. The initial simulation
shown as dashed lines were done with the expected doping concentrations
(same as in Fig. 4.4). After updating the doping concentrations with mea-
sured values, the simulated and measured phase shifts agree well. The
whiskers indicate the lowest and largest measured phase shift of all tested
samples. The corresponding median is also plotted.

could be calculated and the actual phase shift at V; with respect to 0V be determined
according to [117]

B 2w AN
~ FSR’

Ad (4.9)

4.4.1 Phase shift

The measured phase shifts for custom-design MZMs were up to 40 % higher than the
initially simulated values (Fig. 4.14). A similar conclusion could be drawn for the
building block MZMs with traveling wave electrodes. Their measured V; = 7.7V
at —2V bias was lower than the expected value of 8.5V. A lower V is equivalent
to a larger phase modulation efficiency (cf. Sec. 2.5.1) which typically results
from higher doping concentrations when the design of the MZM is otherwise not
altered. It was hence concluded that the actual doping concentrations used in the
fabrication process were higher than the approximate values that were used for
the simulations. Van-der-Pauw resistivity measurements were therefore performed
according to |198, Chapter 8]. The obtained resistivity-values were converted to
doping concentrations via [199]. The measurements indeed showed that the n- and
p-doping concentrations were roughly 20 % larger than the approximate values used

for the initial simulations.
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Figure 4.15: Transmitted optical power through doped deep etch waveguides with differ-
ent lengths for nominal (a) and 2x nominal (b) doping. The y-intercept of
the linear fit gives the insertion loss and the slope the propagation loss of
the waveguides.

Based on the measured doping concentrations, the implantation profiles in the sim-
ulations were adjusted and the simulations for the MZMs at hand were repeated. A
very good agreement between measured and simulated phase shift values could be
observed when measured instead of approximated values for the doping concentra-
tions were used (Fig. 4.14). This confirms the validity of the simulation procedure
and verifies that the MZMs are fully functional.

4.4.2 Waveguide loss

The losses of the designed deep etch MZMs were assessed by means of the cut-
back method. The measurement setup was similar to the one shown in Fig. 4.12
except that the SLED was replaced with a 1550 nm-Distributed Feedback (DEFB)
Laser and the OSA with a Keithley 81635A photodiode. The transmitted optical
power through waveguides with an identical design as the waveguides in deep etch
MZMs are plotted in Fig. 4.15. The data was linearly fitted and the insertion- and
propagation loss of the waveguides were determined from the y-intercept and slope,

respectively.

The average propagation loss for deep etch waveguides with nominal doping was
28.5dB/cm. This value is about 2dB larger than the simulated loss (cf. 4.6). This
difference is reasonable given that the approximate values for the doping concentra-

tions used for the initial simulations were lower than the measured values.

The average insertion loss was 10.2dB. This can be attributed to a grating coupler
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loss of about 4dB (cf. Sec. 6.2) and 0.5dB loss from the lensed fiber [200] on both
coupling sides. The remaining 1dB loss is attributed due to the manual coupling

tolerances.

For deep etch waveguides with 2x nominal doping, the propagation loss was so high
that the photodiode could not measure the transmitted power through the longest
waveguide. Consequently, only two data points were available for a linear fit. Hence,
the fit results cannot be regarded as quantitatively representative for the determined
losses. This can be seen with the reduced insertion loss which should normally be
the same as the one determined for deep etch waveguides with nominal doping.
Nonetheless, the fit values for the slope qualitatively indicate that the propagation
losses through waveguides with 2x nominal doping are roughly doubled to about
59.8 dB/cm. With this value for the propagation loss and an insertion loss of 10 dB,
the expected transmitted power through the longest waveguide can be extrapolated
to be —84.8dBm. This is below the maximum sensitivity (—80dBm) of the pho-
todiode and hence explains why it was not possible to measure the transmission

through the longest deep etch waveguide with 2x nominal doping.

4.5 Summary

MZMs with varied design parameters are required to assess how their radiation-
hardness could be improved. Simulations were performed to find MZM designs with
the best compromise between phase shift and loss for the process parameters in an
imec MPW. Based on the simulations, the width of the waveguide for deep and
shallow etch MZMs was chosen to be 450 nm and the position of the pn-junction
was centered in this waveguide. Two different widths for the waveguide doping wp,p
were selected, 500 nm and 750 nm. MZMs on several dies were characterized after
fabrication to verify their functionality. All structures were fully functional. The
actual doping concentrations used during fabrication were determined with Van-
der-Pauw resistivity measurements and found to be higher than initially expected.
After modifying the simulations accordingly, the simulated phase shifts agreed well
with the phase shifts that were experimentally determined by fitting transmission
spectra of the tested MZMs.

62



5 Evaluation of radiation-hardness

of Mach-Zehnder modulators

The effect of the varied MZM design parameters on their resistance to ionizing
radiation was assessed with the fully functional SiPh test chips. Three different x-
ray irradiation tests were conducted to identify an MZM design that does not show a
significant phase shift degradation up to a TID of at least 1 MGy. Simulations were
performed to attempt to reproduce the experimental results and understand why
different MZM designs respond differently to radiation. The test procedures and
findings of the three x-ray irradiation tests as well as the simulations are presented

in this chapter.

5.1 Measurement setup and procedure

All three irradiation tests were done with a Seifert RP1/9 x-ray irradiator. X-rays
were chosen over ~-radiation for irradiation tests with ionizing radiation because
x-ray systems are more convenient to use than ®*Co 7-radiation-sources. They typ-
ically provide a highly-directed beam which allows for a uniform irradiation of an
area on a chip. Radioprotection constraints that are inevitable when working with

%Co can also be avoided when working with x-rays.

The irradiator emits x-rays with a peak energy of 10keV. This peak energy is
not directly related to the actual radiation spectrum as it would occur inside an
HEP experiment. Such a radiation spectrum cannot be quantitatively reproduced
in any test facility. However, 10keV is a high enough energy to ionize silicon diox-
ide and test the resistance of MZMs against ionizing radiation while not creating
displacement damage. Additional neutron irradiation tests are typically conducted
to investigate the radiation-hardness against displacement damage separately (cf.
Sec. 3.1). If candidate devices survive high enough energy levels in both tests, it

can be inferred that they will also withstand the same accumulated radiation levels
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created by the different particles that make up the radiation spectrum inside HEP

experiments.

For each irradiation test, one SiPh test chip was placed on a chuck underneath the
x-ray tube. The test chip was aligned to the x-ray tube with a laser pointer. The
distance between the chip and the x-ray tube was set to 3 cm which resulted in a
fairly uniform beam diameter of approximately 3 mm, enough to cover either the
upper part of the SiPh chip with the MZMs having interleaved pn-junctions or the
lower part with the MZMs having lateral pn-junctions (cf. Fig. 4.7). The voltage
and current of the x-ray tube were set to 40kV and 40 mA, respectively. This led
to a dose rate of 14.05Gy/s for the chosen distance between test chip and x-ray
tube [201]. The irradiation time was adjusted for each irradiation step such that the

target TID was reached with the above dose rate.

The temperature inside the irradiator and the bias applied to the MZMs on a test
chip during irradiation were varied for the three tests. IV curves and phase shifts
of both arms of all MZMs on either the upper or lower part of the test chip were

measured during the tests.

5.1.1 Stepwise irradiation of bare chips at room temperature

The first irradiation test was done with bare dies that were not wire-bonded or
fiber-pigtailed. As a consequence, the samples were not biased or measured while
the x-ray source was on. Instead, a stepwise irradiation test where the TID was
sequentially increased was performed. All MZMs were manually characterized on a
probe station before the test started and after each irradiation step. The setup of the
probe station was identical to the one described in Sec. 4.4. Once all measurements
were completed after the test chip was exposed to a certain TID, the next irradiation
step followed immediately to prevent annealing of any damage created in the MZMs
to occur. Measuring an MZM was stopped if a phase shift could no longer be
measured for that device. The irradiation test was ended once either all MZMs on
a test chip no longer showed a phase shift or when the available period of use for

the irradiator was over.

All the measurements and irradiation steps were done at room temperature, i.e. the
chuck on which the test chip was placed was not temperature-controlled. A PT100-
sensor was used to track the temperature close to the test chip inside the irradiator.
Its readings showed that the temperature did not increase by more than 5°C during

irradiation. Temperature effects impacting the performance of the MZMs can thus
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be neglected.
Four different dies were used for this test:

e one die with nominal doping to test MZMs with lateral pn-junctions on the
lower part of the chip,

e one die with 2Xx nominal doping to test MZMs with lateral pn-junctions on
the lower part of the chip,

e one die with nominal doping to test MZMs with interleaved pn-junctions on
the upper part of the chip,

e one die with 2x nominal doping to test MZMs with interleaved pn-junctions

on the upper part of the chip.

5.1.2 Continuous irradiation and online measurement of

packaged chips at room temperature

Wire-bonded and fiber-pigtailed samples that allowed the MZMs to be biased and
measured during irradiation were used for the second irradiation test. Not only does
such a test configuration resemble more closely an actual system implementation in
HEP experiments, it is also possible to determine whether the radiation-hardness
of SiPh MZMs changes as a function of bias as it has been observed for CMOS
transistors [202].

For that purpose, test chips were glued onto a Printed Circuit Board (PCB) and
wire-bonded to it. The test voltages and constant bias during irradiation were
applied to the MZMs via a connector on the PCB. Light was coupled in and out
of the chip through two planar fiber arrays that were attached above the arrays of
grating couplers (cf. Fig. 4.7). The wire-bonding and attachment of the planar fiber
arrays was done at Tyndall National Institute |203]. A photograph of a packaged

sample and the installation inside the x-ray irradiator is shown in Fig. 5.1.

Optical and electrical switches were used to sequentially measure the individual
MZMs on the SiPh test chip. The switches were set such that light was sent through
the MZM that was currently being measured and the voltage applied to it for V-
or phase shift measurements could be ramped. All other MZMs that were not being

measured were biased at a constant voltage and no light was coupled into them.

The transmitted power of the SLED through the MZMs was also measured during

irradiation to estimate by how much the propagation loss changes as a function of
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Figure 5.1: Photograph of a packaged sample (left) for the online-irradiation test and the
installation of the sample inside the x-ray irradiator (right) before the x-ray
tube was aligned to the SiPh test chip.

TID. The losses could not have been determined with the cutback method during
irradiation because the planar fiber arrays covered parts of the doped waveguides

that would have been needed for this approach.

In contrast to the stepwise irradiation test, all MZMs were measured throughout
the entire irradiation test even when they no longer showed a phase shift. The
total duration of each irradiation tests varied for each tested die and was between
25 — 72h, depending on how long the MZMs withstood the x-rays.

Based on the outcomes from the first test, only the lower part of the chip with MZMs

having a lateral pn-junction was tested with three different dies:

e one die with nominal doping with the MZMs biased at —3V,
e one die with 2x nominal doping with the MZMs biased at —3V,
e one die with 2x nominal doping with the MZMs biased at —1.5'V.

Annealing of the damage after irradiation was also investigated for the third sample.
For that purpose, the sample was put in a climatic chamber and heated to 60°C
for 22h after the phase shifts of all MZMs on that die were close to zero. 60°C
was chosen for annealing because the epoxy used to attach the planar fiber arrays
could not have reliably withstood higher temperatures. After that the same sample
was exposed to x-rays a second time. The bias during annealing and the second

irradiation step was kept to —1.5V.

In addition to MZMs, the dark- and photo-current of two building block PDs on

the third die were also monitored. Both PDs were biased at —1 V during irradiation
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and both currents were measured at this voltage. To measure the photo-currents,
light from a 1550 nm single-mode laser was coupled via one grating coupler into a
1 x 2-MMI splitter to which the two PDs were connected. This ensured that the
same optical power impinged on both PDs. The actual optical power impinging on
the PDs could not be precisely determined because of the losses occurring in the
grating coupler, MMI and waveguides. Hence, the measured photo-current was not
converted to a responsivity. The laser was switched off when the dark-currents were
measured and during the idle period when the MZMs were measured. Nonethe-
less, the measured dark-currents include a small photo-current that is inevitably

generated by the x-rays.

This irradiation test was also performed at room temperature without a temperature-
controlled chuck. Measurements with a PT100-sensor showed that the temperature
close to the tested die was 25 £ 1°C throughout the test. The temperature varied
less compared to the previous test because a new air conditioning system, that re-
moved the heat from the x-ray irradiator more effectively, was installed in the lab

between the two tests taking place.

5.1.3 Stepwise irradiation of bare chips at —30°C

The third irradiation test was conducted with the chuck cooled down to —30°C, a
temperature similar to the actual temperature inside the innermost regions of HEP
experiments. Bare dies were again used for this test as the availability of the x-ray
irradiator came on short notice and so it was not possible to arrange for packaged
samples. Like for the first irradiation test, bare dies were sequentially irradiated and

the MZMs were measured between the irradiation steps.

To minimize the buildup of ice during the test, wet air had to be removed from
the inside of the irradiator before the temperature of the chuck could be lowered.
Therefore, the chuck was heated to 80 °C for 30 min to enhance evaporation of wet
air while the irradiator was simultaneously flushed with dry air. After half an hour
passed, the chuck was cooled down while dry air continued to flow into the irradiator

during the entire irradiation time.

Six dies with nominal doping were used for this irradiation test. Apart from the
TID they were exposed to, the test conditions were the same for all of them. If a
single die was used and sequentially irradiated for this test, heating up the chuck
before it was cooled down could have caused annealing of damage created during

the previous irradiation step. This would have made a direct comparison of the
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measurement results to the ones from the other two tests impossible. Thus, to keep
the test conditions as similar as possible, different dies were used for each irradiation
step. For instance, the first die was exposed from 0kGy to 200 kGy, the second die
from 0kGy to 300kGy, the third die from 0kGy to 450kGy, etc. In this way, the

dies were only heated once before the irradiation started.

The pre-irradiation phase shifts from the MZMs on all the different dies showed a
good uniformity. The values did not vary more than 10 % (cf. Fig. 4.14). This al-
lowed a direct comparison of the phase shifts from the different dies after irradiation

with each other without impairing the validity of the test.

5.2 Measurement results

The results from the three irradiation tests are presented in the following figures.
IV curves measured during the three tests are analyzed to check whether first trends
of how the design parameters of MZMs affect their radiation-hardness can be rec-
ognized. Measured phase shift values as a function of TID for the different test

conditions are subsequently assessed.

5.2.1 Current-voltage characteristics under irradiation

The voltage applied to the phase shifters was swept from 1V to —3V and the
corresponding current recorded. The absolute current values as a function of applied
voltage for custom-design MZMs with nominal doping from all three irradiation tests
are plotted in Fig. 5.2. IV results from MZMs with 2x nominal doping followed the

same trend and are thus not shown explicitly.

It can generally be noted that the leakage currents of packaged MZMs (Fig. 5.2b
& 5.2e) were a few nA higher than the leakage currents of MZMs on bare dies.
A potential cause could be a photo-current created by the ionizing radiation that
was only measured with the packaged samples used for the online irradiation test.
Assuming the photo-current I, scales linearly with the absorbed x-ray power P,
and otherwise depends only on the ionization energy E,,, of silicon [52], it can be

approximated by

(5.1)
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Figure 5.2: Measured IV curves for custom-design MZMs with nominal doping from all
three irradiation tests. The bias during irradiation for the packaged samples
was —3 V. The forward turn-on voltages before (V7o) and after irradiation
(Vrrrp) shift towards zero due to the radiation.
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Silicon’s ionization energy is 3.6eV = 5.77-107' J [138]. The absorbed x-ray power
is given by the dose rate D multiplied with the volume Vg; and density p of the

silicon in the depletion zone of the phase shifter,
Po=D-p-Veg=D-p-L-hg-Whp. (5.2)

The height of the depletion zone is hg; = 220nm and the width of the depletion
zone Wp can be calculated with help of Eq. (4.1) and (4.2),

2€0€7~NA+ND
€ NAND

Wp=W,+W, = \/ (U — V). (5.3)
The resulting photo-current is smaller than 1pA for the MZMs at hand. This
is negligible compared to the measured values and thus cannot be the reason for
the higher leakage currents. Since this behavior was only observed for packaged
samples, it is assumed that the wire-bonding procedure or the soldering of the
electrical connector to the PCB probably created additional leakage paths that led

to increased leakage currents.

Comparing all plots, the measurements clearly demonstrate that reverse leakage
currents for all tested MZMs increased by roughly ten-fold compared to their pre-
irradiation values. This increase is from about 100 pA to 1nA for bare dies and
approximately from 1nA to 7TnA for packaged samples. This can most likely be
attributed to positive trapped charge in the oxide and interface traps which were
created as a consequence of the radiation. The former can inverse the p-doped region
in silicon near the interface to the oxide and give rise to conductive paths [204,205]
which in turn enhance the leakage currents. Interface traps on the other hand can

directly lead to leakage currents [206].

While there is only a small difference in the measured leakage currents between deep
and shallow etch MZMs that were stepwise irradiated (Fig. 5.2a & 5.2d and Fig.
5.2¢ & 5.2f), the increase in leakage current for deep etch MZMs that were measured
online (Fig. 5.2b) is higher than for online-measured shallow etch MZMs (Fig. 5.2¢).
This is an indication that deep etch MZMs were more strongly affected by ionizing
radiation than shallow etch MZMs. The same observation could have probably been
made during the stepwise irradiation test at room temperature as well if measuring

deep etch MZMs was not stopped once their phase shift vanished.

Another feature that was only observed during the online irradiation test in deep
etch MZMs is the decrease in forward current at 1 V. The current decreased from
roughly 10mA to below 10 A for TID levels above 500 kGy (Fig. 5.2b). This can be
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interpreted as an increase in the resistance of the current path. Reduced free carrier
densities in the semiconductor typically give rise to an increased resistance. This
reduction could be caused for example through hydrogen-induced dopant passivation
(cf. Sec. 3.3) or free holes in the p-doped silicon being pushed away by the positive
trapped charges in the oxide. Shallow etch MZMs did not exhibit this behavior.
This again indicates that they were less affected by ionizing radiation than their

deep etch counterparts.

No significant difference in the IV curves between deep and shallow etch MZMs
was measured during the irradiation test at —30°C (Fig. 5.2¢, 5.2f), even though
MZMs with both etch depths were exposed to almost the same TID level as during
the online irradiation test. An explanation for this could be that the hole mobility
in oxide is approximately two orders of magnitude lower at —30°C than at room
temperature [207]. Radiation-induced holes thus move slower through the oxide and
the buildup of defects is delayed. Similar to transistors [208], it can be inferred that
the radiation-hardness of SiPh MZMs in a cold environment is better than at higher

temperatures.

The IV curves in Fig. 5.2 also show a shift in the forward turn-on voltage from
Vro ~ 0.6V before irradiation to Vrrrp ~ 0.1V when the first measurements
after exposure to x-rays were taken. This apparent turn-on voltage reduction can
likely be associated with radiation-induced leakage paths in the device. At positive
voltages lower than Vi before irradiation, the pn-junction was not yet turned on
and there was only a small forward-current through the pn-junction due to drift and
diffusion. Once leakage paths were created by radiation, a current larger than that
small forward-current could flow through these leakage paths. Macroscopically, it
looks like the pn-junction was already turned on even though the turn-on voltage of

the pn-junction itself probably did not change.

5.2.2 Phase shift results from stepwise irradiation test at

room temperature with un-biased samples

The measured phase shifts as a function of TID for custom-design MZMs are plotted
in Fig. 5.3. The results confirm the indications found from the IV measurements.
Shallow etch MZMs could resist to higher TID levels than deep etch MZMs. This
applies for MZMs with both doping concentrations and waveguide doping widths
Wpep- The latter parameter virtually did not affect the phase shift degradation.

This is most likely because the intermediate doping implantations were too far away
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Figure 5.3: Phase shifts of custom-design MZMs from the stepwise irradiation test at
room temperature. The phase shifts were measured at —2V. The vertical
dashed line indicates the minimum TID level SiPh MZMs should be able to
withstand.

from the rib region (cf. Fig. 4.1) to accelerate or delay the degradation.

Deep etch MZMs showed a small phase shift enhancement (6 %) up to about 90 kGy
before their phase shift rapidly dropped and completely vanished around 200 kGy
(Fig. 5.3a). They degraded about 5x faster than the MZMs based on a conventional
design (cf. Fig. 1.7). The phase shift of shallow etch MZMs with nominal doping
enhanced gradually to 17 % during irradiation up to 1.7 MGy before it then steeply
declined. However, the phase shift did not fall below its pre-irradiation value until
1.96 MGy and below 67 % at 2.66 MGy (Fig. 5.3b). This is an improvement of
greater than 5x compared to the initial tests that were carried out with the MZMs

based on a conventional design.

The radiation-hardness of the MZMs based on a conventional design lies between
those of the custom-design deep and shallow etch MZMs. All measurement results
are in line with each other because the MZMs with conventional design can be
classified as a medium etch MZMs. It can be concluded that the radiation-hardness
of SiPh MZMs benefits from a more shallow etch depth. This confirms the findings
from [182] that shallow etch MZMs can resist to higher TID levels than deep etch
MZMs. The model proposed in [182] suggests that the trapped positive charge in
the oxide and the interface traps push the free holes in the p-doped slab away until
the carriers in the rib are eventually pinched-off from the contact (Fig. 5.4). In this
case, carriers can no longer be depleted from the pn-junction in the center of the
waveguide when a voltage is applied because the resistance of the p-doped slab is
too high. Consequently, a phase shift can no longer be generated. This effect can

be delayed in MZMs with a shallower etch depth, or conversely a thicker slab, since
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Figure 5.4: Schematic of the pinch-off of carriers in the rib from the slab. Positive trapped
charge (+) and interface traps (x) built up due to ionizing radiation and
accumulate predominantly along the interface of the device. The positively
charged defects push the free holes in the p-doped slab away to the left and
right until the concentration of free holes is so low (indicated by the light
yellow region) that the conductive path to the p-doped side in the rib is
pinched-off. Carriers can no longer be depleted from the pn-junction and the
phase shift vanishes.

it contains more free holes and it would take longer to create a pinch-off.

MZMs with 2x nominal doping showed a similar behavior. The phase shift of deep
etch MZMs first enhanced (9 %) until approximately 100 kGy. Then the phase shift
quickly dropped to zero around 200kGy (Fig. 5.3a). Shallow etch MZMs showed
no degradation but a constant increase (27 %) in phase shift up to 3.1 MGy (Fig.
5.3b).

The reason why a higher doping concentration did not significantly improve the
radiation-hardness of deep etch MZMs can probably be attributed to the profile of
the p-doping implantation used in imec’s MPW. The peak of this implantation lies
outside the slab for deep etch MZMs but inside the slab for shallow etch MZMs (Fig.
5.5). The absolute number of additional carriers in a thick slab with 2x nominal
doping is therefore significantly larger than in a thin slab compared to MZMs with
nominal doping. The pinch-off in shallow etch MZMs with 2x nominal doping thus
happened later than in their counterparts with nominal doping, whereas this is not
the case for deep etch MZMs with thin slabs.

The results from the irradiation test of building block MZMs with interleaved pn-
junctions are shown in Fig. 5.6. Despite having the same etch depth, MZMs with
interleaved pn-junction degraded faster than custom-design deep etch MZM with

lateral pn-junction. Independent of the doping concentration and the length of the
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Figure 5.5: Comparison of the shapes of the p-type doping implantations in a deep and
shallow etch MZM. The number of additional free holes in a thin slab (as in
deep etch MZMs) is much smaller than in a thick slab (as in shallow etch
MZMs) when the doping concentration is increased from nominal (black) to
2x nominal (red) doping because the peak of the implantation lies outside
the deep etch slab.
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Figure 5.6: Phase shifts of building block MZMs with interleaved pn-junctions from the
stepwise irradiation test at room temperature. The phase shift was measured
at —2'V.

tested MZMs, the measured phase shifts fell to 50 % of their pre-irradiation values
at 50kGy and completely disappeared at 100 kGy. It is assumed that the faster
degradation was due to the un-doped regions in-between the p-doped fingers (see
Fig. 4.2) of the interleaved pn-junctions. If positively charged defects accumulate
on the p-doped side of the phase shifter, free holes in the slab cannot only be pushed
away laterally as in the custom-design MZMs but also longitudinally towards these
un-doped regions (Fig. 5.7). The pinch-off effect can thus be more efficient and
happens at lower TID levels.

Based on the result that the length of MZMs with interleaved pn-junctions does not
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(a) lateral pn-junction (b) interleaved pn-junctions

Figure 5.7: Comparison of the pinch-off effect in MZMs with lateral (a) and interleaved
pn-junctions (b). Trapped positive charge (+) pushes free holes (h) away
laterally towards the rib and contact in MZMs with lateral pn-junctions. For
interleaved pn-junctions, free holes can also be pushed away longitudinally
towards the un-doped regions. This extra degree of freedom for the direction
of motion of holes enhances the phase shift degradation.

affect their radiation-hardness, one can infer that this is also the case for MZMs
with lateral pn-junction being uniform along the z-direction. This was confirmed by
means of measuring the phase shift degradation of deep etch building block MZMs
with two different lengths (1.0 mm and 1.5mm). The phase shifts of these devices
degrade exactly the same as for the deep etch custom-design MZMs for both tested

lengths and is thus not explicitly shown.

5.2.3 Phase shift results from online irradiation test at room

temperature with biased samples

The results from the online test with samples that were biased during irradiation
are qualitatively the same as the ones obtained during the stepwise irradiation test
with un-biased samples. MZMs with higher doping concentrations and thicker slabs
can withstand higher levels of ionizing radiation than MZMs with other design
parameters (Fig. 5.8). Quantitatively, however, MZMs started to degrade already
at lower TID levels when biased. The phase shift of deep etch MZMs increased
between 6 % and 15 % before it dropped below 50 % of the pre-irradiation value at
43kGy and 75kGy for devices with nominal and 2x nominal doping, respectively.
The phase shift disappeared between 100 kGy and 110kGy (Fig. 5.8a). For shallow
etch MZMs with nominal doping (Fig. 5.8b), a phase shift enhancement of roughly
30 % could be measured before the phase shift went below 50 % at 738kGy (wpep =
500nm) and 914kGy (wpe, = 750nm). Neither of these two shallow etch MZMs
showed a phase shift after 1250 kGy (wpe, = 500nm) and 1560 kGy (wpe, = 750 nm,
extrapolated). The increase in phase shift for shallow etch MZMs with 2x nominal
doping was limited to 3 — 9%. However, the same devices withstood to 1.3 MGy
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Figure 5.8: Phase shifts of custom-design MZMs from the online irradiation test at room
temperature. The phase shifts were measured at —2V and the samples were
biased at —3V during the irradiation.

without degrading below 50 % of their pre-irradiation values. Their phase shift
entirely vanished after 1800 kGy for MZMs with wp,, = 750 nm, while MZMs with
Wpep = 500 nm still showed a small phase shift at 2353 kGy. Since there is no clear
tendency whether a smaller or larger value for the waveguide doping width wp,, is
better with respect to radiation-hardness, the measured variations are attributed to

differences in the individual MZMs due to fabrication tolerances.

The observed enhancement and the general progression of the phase shift as a func-
tion of TID is essentially identical for the stepwise irradiation test with un-biased
samples and the online irradiation test with biased samples. This implies that the
reason for the accelerated degradation is only due to biasing the MZMs during irra-
diation. Comparing the evolution of the phase shift as a function of TID for MZMs
that were un-biased as well as biased at —1.5V and —3V confirms this inference
(Fig. 5.9). The phase shift degraded slower at —1.5V than at —3V, while no bias
during irradiation caused the device to withstand the longest. This observation has
also been made for CMOS transistors [202] and underlies the similarity regarding

radiation-hardness between SiPh and classical CMOS devices.

The origin for the accelerated degradation is most likely due to a stronger electric
field in the device when it is reverse biased. The maximum electric field E,,,, at
the transition between n- and p-doped regions is given by [186, p. 82|

eNpW, — eNaW,

Eras = — . (5.4)
E0r E0Er

According to Eqns. (4.1) and (4.2), the depletion widths W,, and W), in the n- and

p-doped regions, respectively, become wider for larger reverse biases and the electric
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Figure 5.9: Phase shifts of a shallow etch MZM with 2x nominal doping concentration
and wpyp = 500nm measured during irradiation tests with different bias
conditions. The phase shift was measured at —2V. It can clearly be seen
that larger reverse biases accelerate the phase shift degradation.

field strength increases. The probability that ehps escape initial recombination then
also increases as given by the yield-function in Eq. (3.3). Consequently, the rate at
which radiation-generated holes are trapped in deep traps or trigger the generation
of interface traps and hydrogenation is enhanced for MZMs that are reverse-biased
during irradiation. A stronger electric field E in reverse-biased MZMs also leads to

higher carrier drift velocities v, that scale linearly with the hole mobility wy,
Vg = E[,Lh (55)

This means that holes can move more rapidly through the oxide [209] towards silicon

and induce damage there. Consequently, the phase shift in MZMs degrades faster.

5.2.4 Changes in waveguide propagation loss during the
online irradiation test at room temperature with biased

samples

The change in propagation loss through the MZMs as a function of TID was assessed
by measuring the transmitted optical power through the MZMs during the online
irradiation. The results for samples that were biased at —3V during irradiation are
plotted in Fig. 5.10. The transmitted power increased with TID for all samples,
i.e. the propagation loss through the MZMs decreased. This can be attributed to
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Figure 5.10: Change in transmitted power through MZMs as a function of TID. The
samples were biased at —3 'V during irradiation.

the pinch-off effect. The reduced density of free holes in the p-doped slab leads to a

lower absorption of photons.

The change for MZMs with nominal doping is about 1.4dB and 2.1dB at 1 MGy
for deep and shallow etch devices, respectively. The change is larger for shallow
etch MZMs because a larger fraction of the optical mode is guided in the slab where
the pinch-off occurs. The change in transmission at 1 MGy for MZMs with 2x
nominal doping is approximately 2.7 dB for deep etch devices and 3.6 dB for shallow
etch devices. These numbers are larger than for MZMs with nominal doping because

more holes can be pushed out of the p-doped slab in MZMs with 2x nominal doping.

Considering that the measured changes in transmission occurred over a MZM-length
of 1.9 mm, the propagation losses of deep etch MZMs after 1 MGy can be estimated
based on the measured propagation losses as determined in Sec. 4.4.2. The pre-
irradiation propagation losses were 28.5dB/cm and 59.8 dB/cm for deep etch MZMs
with nominal and 2x nominal doping, respectively. With the above mentioned
increased transmissions of 1.4dB and 2.7dB, the propagation losses after 1 MGy
can be estimated to be 21.1dB/cm for deep etch MZMs with nominal doping and
45.8dB/cm for deep etch MZMs with 2x nominal doping.

5.2.5 Annealing in Mach-Zehnder modulators after irradiation

The sample that was irradiated at a bias of —1.5V was annealed at 60°C in a cli-
mate chamber after the phase shift of all MZMs went to zero. After a 22 h-anneal,
the sample was exposed to x-rays again. The outcomes from this test are shown in
Fig. 5.11. The results clearly display that deep and shallow etch MZMs not only
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Figure 5.11: Phase shifts of custom-design MZMs with 2x nominal doping and wpe, =
750 nm that were first irradiated, then annealed for 22h at 60 °C and finally
irradiated again. The bias during all three steps was —1.5V.

withstand to different levels of ionizing radiation but also anneal differently. Shallow
etch MZMs started to anneal immediately after the irradiation ceased. They recov-
ered 70 — 80 % of their pre-irradiation phase shift during the annealing, depending
on the applied bias. They survived another 604kGy (—=3V), 791kGy (—2V) and
1173kGy (—1V) before the phase shift fell again below 50 % during a second irradi-
ation. The accumulated TID levels for both irradiation steps were 2646 kGy (—3V),
3141kGy (—2V) and 4002kGy (—1V). On the other hand, deep etch MZMs only
started to recover their phase shift after 15h in the climatic chamber. Their phase
shift annealed completely for a bias of —1V but did not reach the initial value for
higher biases in the available time. The results indicate that more annealing time
would have probably been required to obtain the same annealing for larger voltages.
Even though the phase shift partially recovered in deep etch MZMs, their phase

shift dropped to zero almost instantaneously after exposure to ionizing radiation
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Figure 5.12: Dark- and photo-current of building block photodiodes at —1V bias as a
function of TID.

the second time. What defect type actually anneals at what rate is unknown. How-
ever, interface traps are typically thought to anneal quicker than positive trapped
charge in the oxide [21]. It is therefore assumed that only a relatively small fraction
of the positive trapped charge in the deep etch MZMs annealed and the phase shift
recovery stopped somewhere on the steep degradation-slope from the the first irra-
diation. Thus, the second irradiation directly re-introduced enough damage such

that the phase shift immediately degraded again.

The fact that annealing was observed in all of the tested MZMs directly implies
that the dose rate affects the degradation rate of the devices. At lower dose rates
or when there are intermediate pauses during the irradiation, similar to the actual
conditions inside an HEP experiment, some of the radiation-induced damage could
already anneal. It can thus be assumed that the same MZMs should be able to
withstand higher TID levels than those determined during the online irradiation

test if they were irradiated with a lower dose rate.

5.2.6 Dark- and photo-currents of photodiodes from the

online irradiation test

The changes of the dark- and photo-currents of building block GeSi photodiodes
when exposed to ionizing radiation were also studied during the online irradiation
test. Both currents at a bias of —1V are plotted as a function of TID in Fig. 5.12.
The dark-currents roughly doubled during irradiation until a TID level of 3.6 MGy

was reached. The maximum measured dark-current of 20 nA nevertheless remained
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Figure 5.13: Relative phase shift change at —1,—-2, -3V of custom-design MZMs from
the stepwise irradiation test at —30°C. The MZMs had a nominal doping
concentration and wpep, = 750 nm and were not biased during irradiation.

low. One reason for the increase in dark-current could be x-ray-generated carriers in
the photodiode that led to a small photo-current. However, calculating the expected
x-ray-generated photo-current with Eq. (5.1) indicated that such a photo-current is
in the order of pA. Thus, it cannot be responsible for the observed increase in dark-
current. Instead, interface traps between germanium and silicon dioxide probably

give rise to additional leakage paths that explain the higher dark-current.

The photo-currents stayed flat throughout the entire irradiation period. With
approximately four orders of magnitude difference between the dark- and photo-
currents, these outcomes demonstrate that photodiodes were not seriously affected
by ionizing radiation. This was expected since x-rays do not create displacement
damage. This would have decreased the photodiodes’ responsivity and increased the

dark-currents [210] due to additional generation-recombination centers.

5.2.7 Phase shift results from stepwise irradiation test at

—30°C with un-biased samples

The third irradiation test revealed that neither deep nor shallow etch MZMs with
nominal doping degrade when irradiated with x-rays at —30°C (Fig. 5.13). As
mentioned in Section 5.1.3, a new die was irradiated for each TID level. The zigzag-
like curve is thus partially due to pre-irradiation phase shift variations of up to
10 %. Superimposed to this effect is most likely also a phase shift enhancement as
it was observed during all other irradiation tests. MZMs with both etch depths
withstood to a TID level of 1.1 MGy without any obvious degradation. This is an
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improvement in radiation-hardness for deep etch MZMs of more than 11x compared
to an irradiation at room temperature (cf. Fig. 5.3a). Shallow etch MZMs did
not show a degradation either. This was expected as they also did not show any
degradation up to about 1.7 MGy during the stepwise test at room temperature (cf.
Fig. 5.3b).

The explanation why MZMs withstand to higher levels of ionizing radiation in a
colder environment is the same as given in Sec. 5.2.1 for the IV measurements. The
mobility of holes is reduced by two order of magnitude at —30 °C compared to room
temperature. Therefore, the rate at which deep traps are filled and interface traps

are built up is lower and the devices can withstand pinch-off for longer.

5.3 Simulation of x-ray induced phase shift
degradation

The irradiation of the custom-design MZMs was simulated to understand why the
phase shift degraded with increasing TID. The simulation procedure and the out-

comes are presented in this section.

5.3.1 Model for simulating damage from ionizing radiation

The simulations were based on the model published in [182]. The introduction of
trapped positive charge in silicon dioxide and the buildup of traps along the interface
with silicon as a function of TID is included in the model. The irradiation model
was implemented through the Physical Model Interface in Sentaurus Device. Tts
simulation flow is illustrated in Fig. 5.14. The model is based upon a transient sim-
ulation where each time-step corresponds to a TID level. Trapped positive charge
in the oxide and interface traps are gradually added to the device while the time
is incremented. Hydrogen-induced dopant passivation is not accounted for because
neither the doping concentrations nor the free carrier densities can be directly ma-
nipulated with the Physical Model Interface. Such manipulation would however be

necessary when modeling dopant passivation.

The trapped positive charges are added in the oxide within a layer of effective
thickness 7,; from the interface to silicon. The effective maximum concentration of
deep traps that can capture a hole is given by Nyt e, (Fig. 5.15). Both parameters

define the distribution of deep traps in the oxide. These deep traps are unoccupied
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Figure 5.14: Flow-chart for the irradiation simulation in Sentaurus Device.

(Noto) before the transient simulation starts and can capture a hole and become
occupied (N, 1) during the simulation. The number of holes that are trapped during
each time increment (which equals a TID-step) is given by the number of generated
ehps as defined in Eq. (3.4), the density of unoccupied deep traps, a trapping
cross-section of holes o, and the width 7, over which the trapping can occur. The

corresponding equation reads
Nt’r‘ap = g() . TI.D . Y(E) . NOt,O . Jot(E) . not- (56)

The trapping cross-section o, (E) describes the dependency of the default trapping

cross-section og on the electric field through [144]

0o

(E) = .
oo E) = T g 10 Epe

(5.7)

The density of occupied traps, i.e. the actual density of trapped positive charge in
the oxide, at any given time is simply the difference between available deep traps

and unoccupied traps
Not,l = (Not,max : 6) - Not,O' (58)

Here, (§ is a parameter to scale the maximum density of deep traps in the buried
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Figure 5.15: Illustration of the parameters for the radiation simulation. 7, is the width of
the layer where holes can be permanently trapped. Nyt mqe is the maximum
allowed density of trapped holes within that layer. [ is a scaling parameter
for the maximum density of deep traps in the bottom oxide with respect to
the top oxide.

oxide with respect to the maximum density of deep traps in the top oxide. Since the
active silicon layer in SiPh typically needs to be a high-quality crystal [74, Section
12.3.1], it is assumed that a high-quality oxide is used for the buried oxide to reduce
the density of dislocations during the growth of the active silicon layer. High-quality
oxides typically have a lower defect density than rapidly grown top oxides, hence

B < 1 for the buried oxide to account for this fact in the simulations.

The electron and hole interface trap densities N;; were modeled according to [143]
Ny = ay - TID", (5.9)

with the exponent typically taking values in the range of 0.5 — 1.0.

The concentration of trapped positive charge in the oxide and the interface trap
densities were exported during the transient simulation at times that correspond to
predefined TID levels. They were then imported into a second Sentaurus Device
simulation where the bias was ramped from 0V to —3V. Similar to the simulations
performed for the optimization of the phase shifter designs (cf. Sec. 4.2.1), the
carrier densities were then extracted and the change in the effective refractive index

of the guided mode computed with PhoeniX OptoDesigner.

5.3.2 Results for custom-design deep etch MZMs

The values for Notmaz, 00, Not, B, @i and b were varied until the simulated phase

shift values matched the measured ones reasonably well. Simulation results for
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Figure 5.16: Simulated and measured phase shifts as a function of TID for deep etch
MZMs that were irradiated without bias.

custom-design deep etch MZMs without bias during the transient simulation step
are compared to measurements in Fig. 5.16. The plots show a very good agreement
between measured and simulated phase shift values for deep etch MZMs with nom-
inal doping. For deep etch MZMs with 2x nominal doping, the simulated phase
shifts do not fully degrade and there is a stronger phase shift enhancement in the
simulations than in the measurements. The less good agreement between measured
and simulated values for MZMs with 2x nominal doping could be a result of the
different process conditions used for wafers with nominal and 2x nominal doping

concentration.

The values for the parameters used in the simulations were og = 6.5 - 1071* cm?,

Nt = 20nm, B = 0.3, a; = 5 - 10* (rad - cm?)~! for hole interface traps, a; =
5-10% (rad - cm?) ™! for electron interface traps and b;; = 1. For MZMs with nominal
doping Not maz = 9 - 101 cm ™3, while for MZMs with 2x nominal doping Notmaz =
910" cm ™. Nt mae was increased for MZMs with 2x nominal doping because they
come from a different wafer that was exposed to a higher fluence of dopants during
the implantation step. It is assumed that more defects in the oxide consequently

remained after processing.

These values and the resulting effective defects in the simulations are in good agree-
ment with published values. oy = 6.5-107'* cm? is only 13 % lower than the value of
o9 = 7.5-107'* cm? reported in [211]. With the chosen values for a; and by, interface
trap densities in the order of 1-10" —1-102 cm =2 are reached at 250 kGy. This com-
pares well with values published in [146,151,158|. For the same dose, the occupancy
of deep traps reaches about Ny ; = 1-10"% em™ (Fig. 5.17d). Densities of trapped
positive charge of up to 1-10*® cm ™3 extending more than 20 nm into the oxide have

been measured for samples that were exposed to lower TID levels [211,212]. The
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chosen values for Ny 4, and 7, are thus reasonable given that they are considered

effective values to reproduce the measured results.

The simulated hole concentrations in deep etch MZMs with nominal doping before
irradiation and after a TID of 250 kGy are compared in Fig. 5.17a and 5.17b to
understand the reason of the device failure. Qualitatively, it can be seen that the
trapped positive charges in the oxide push the holes out of the p-doped slab. As
a result, an island of holes forms inside the waveguide rib and the density of free
holes in the p-doped slab reaches very low values. The holes in the rib thus become

pinched-off from the p+ doping and the electrode.

The radiation-induced changes in the p-doped slab can be quantitatively analyzed
by plotting the hole density in silicon (Fig. 5.17c) and the density of trapped positive
charges in the oxide (Fig. 5.17d) along a cutline. The plots show that while the
density of trapped positive charges increases with TID, the density of holes in silicon
decreases to values below 1-10” cm ™. Semiconductor regions with such a low carrier
density exhibit a very high resistance. This increased resistance can also explain the
reduced forward current measured during the online irradiation test (cf. Fig. 5.2b).
In the devices at hand, this resistance is in series with the pn-junction of the phase
shifter. When a reserve bias is applied, the voltage predominantly drops across
the resistance instead of the pn-junction and the waveguide rib effectively becomes
pinched-off from the electrical contacts. Carriers thus can no longer be swept out of
the device. This is illustrated in Fig. 5.18 where the sum of depleted electrons and
holes at —3V | defined as

(Nh’w _ Nh)_w) + (Ne _3V> , (5.10)

is plotted. The change in free holes in the rib and p-doped slab before irradiation

— N,
oV

was up to 2-10¥ em =3 and 1-10' cm ™3, respectively. After irradiation, it is two to
three order of magnitude lower. For free electrons, the change is up to five orders of
magnitude lower after irradiation. The radiation-induced reduction in the resulting
change of the material’s refractive index in the rib can be estimated with the Soref-
Benett formula, as defined in Eq. (2.12), to be

0.8
ANh‘

0.8
. 1-1 16 -3
v % — 0.014. (5.11)
ANh‘ 2-101% cm

ov

That means the change in the refractive index in the waveguide rib, where typi-

cally the largest change is induced, becomes only 1.4 % of the pre-irradiation value
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Figure 5.17: Simulated density of free holes in silicon before irradiation (a) and after
250kGy (b) for a deep etch MZM with nominal doping and without bias
during irradiation. The density of trapped positive charge in the oxide
along the interface is also included in the right plot. These trapped positive
charges push the holes in the p-doped slab area away and cause the holes
in the waveguide rib to form an island that is electrically disconnected from
the p+ doping. The hole density in silicon and the trapped positive charge
in the oxide along z = 3.5 um are plotted in (c) and (d), respectively.
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Figure 5.18: Sum of depleted electrons and holes at —3 V before irradiation (a) and after

a TID of 83kGy (b) and 250kGy (c) for a deep etch MZM with nominal
doping. Comparing the density of depleted carriers before irradiation and
after 83 kGy, one can see that fewer holes are depleted in an un-irradiated
device and that an inversion layer is created along the interface after irra-
diation. After 250 kGy, the change in free carriers in the rib and p-doped
slab is two to three order of magnitude lower than before.
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Figure 5.19: The total number of electrons and holes depleted from the n- and p-doped
silicon (z € [2.02,3.98], y € [2.00,2.22]) as a function of TID for a deep etch
MZM with nominal doping.

after the MZM was irradiated. As modifying the refractive index in a waveguide
constitutes the underlying principle of a phase shifter, a phase shift can no longer
be created once the refractive index does not change due to the radiation-induced

pinch-off in the device.

A similar analysis can be used to explain why the phase shift reaches a maximum
before it then drops rapidly (as shown e.g. in Fig. 5.16). For the deep etch MZM
with nominal doping, this maximum occurs at 83 kGy. Plotting the sum of depleted
electrons and holes at —3V at this TID level (Fig. 5.18b) reveals that more holes
are depleted from the rib and the p-doped slab compared to an un-irradiated phase
shifter. Consequently, a larger phase shift is created. The actual number of depleted
electrons and holes at —3V as function of TID is shown in Fig. 5.19. The numbers
were obtained by integrating over the density of free electrons and holes in the n-
and p-doped silicon at 0V and —3 V, multiplying the integrals with the length of the
phase shifter and subtracting the values from each other. Approximately 40 % more
electrons and holes are depleted from the device at 83 kGy when compared to the
pre-irradiation case. This is because trapped positive charge in the oxide induces an
inversion layer in p-doped silicon and additional carriers can be depleted from there

when a reverse voltage is applied.

At 250kGy, only half the amount of electrons and 10x fewer holes are swept out
of the pn-junction compared to the pre-irradiation case. The stronger reduction in
hole change confirms that a pinch-off in the p-doped slab is responsible for the phase
shift degradation in MZMs when they are irradiated.
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Figure 5.20: Simulated and measured phase shifts as a function of TID for a shallow etch
MZM with nominal doping that was irradiated without bias.

Table 5.1: Sum of depleted electrons and holes at —3 V before irradiation and after a TID
of 300 kGy for a shallow etch MZM with nominal doping.

TID [kGy] | electrons | holes
0 1.03453 - 107 | 1.03046 - 107
300 1.14069 - 10® | 1.1036 - 108

5.3.3 Results for custom-design shallow etch MZMs

When custom-design shallow etch MZMs were modeled with the same parameter
set as deep etch MZMs, the simulated phase shift did neither quantitatively nor
qualitatively match the measured values. As shown in Fig. 5.20, the simulated
phase shift increased by more than 5-fold for the first TID step at 300 kGy. It then
decreased by about 25% and remained fairly flat. Simulating shallow etch MZMs
with 2x nominal doping showed the same behavior and is not explicitly shown. This
extremely large discrepancy between simulated and measured phase shifts can be
attributed to the creation of wide inversion layers in the simulations. These inversion
layers emerge in the p-doped slab along the interfaces with the oxide (Fig. 5.21),
similar to the simulation of deep etch MZM e.g. at 83kGy (cf. Fig. 5.18b). When
simulating the application of a reverse-bias to a shallow etch MZM at 300 kGy,
the inversion layers result in the depletion of many more carriers from the p-doped
slab after 300 kGy than in the pre-irradiation case. The simulated total number of
depleted electrons and holes therefore increases by approximately 10x (Tab. 5.1)
for shallow etch MZMs with nominal doping whereas the increase was only about
1.4x for deep etch MZMs.
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Figure 5.21: Sum of depleted electrons and holes at —3 V before irradiation (a) and after
a TID of 300kGy (b) for a shallow etch MZM with nominal doping. The
inversion in the p-doped slab along the interface with the oxide causes a
very large amount of holes to be depleted from the device.

This difference is due to the thicker slab in shallow etch MZMs which accommodates
more free carriers, especially given that the peak of the implantation lies within the
thick slab (cf. Fig. 5.5). Hence, the reason why simulations for shallow etch MZMs
are less accurate than for deep etch MZMs can be found in the electrostatic repulsion
from the trapped positive charge in the oxide that acts upon the free holes in the
p-doped slab. This repulsion is strong enough to push the majority of free holes
out of the thin slab when simulating deep etch MZMs (cf. Fig. 5.18c). However,
there are more free holes in a thick slab of shallow etch MZMs and the repulsion is
thus not strong enough to create a pinch-off when simulating shallow etch MZMs.
Instead, the free holes accumulate in the center of the slab and the inversion layers

emerge.
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Table 5.2: Relative doping concentrations compared to pre-irradiation values of a sample
with nominal doping after exposure to 2.6 MGy.

implantation type ‘ doping reduction

p 9%
p+ 53 %
n 32%
n-- 74 %

The overlap of the optical mode with the region where the carrier concentration
changes also becomes larger because a larger fraction of the optical mode is guided
in the slab of shallow etch MZMs compared to deep etch MZMs (cf. Fig. 4.5).
The depletion of the inversion layer and the enhanced overlap of the optical mode
with the depletion region thus caused the phase shift to significantly increase in the

simulations whereas this increase could not be measured.

The phase shifts of shallow etch MZMs could likely be simulated more accurately
if it was possible to include hydrogenation (cf. Sec. 3.3) in the model. Van-der-
Pauw resistivity measurements on doped rectangles (cf. Fig. 4.7) clearly showed
that the n- and p-doping concentrations were reduced between 26 — 91 % after ir-
radiation up to 2.6 MGy (Tab. 5.2). The measurements also showed that more
boron-acceptors are passivated by hydrogen than phosphorous-donors. This is in
accordance with literature [169,177]. The doped rectangles on the test chip were
isolated from the surrounding material and structures through a 80 um-wide trench
and are not etched, i.e. the uniform height of the rectangles is 220 nm. The free car-
riers thus could not leave the rectangles or be pinched-off like in an etched waveguide
structure. The measured reduction of dopants thus had to occur in the rectangle

itself and is attributed to hydrogenation.

Based on the measurements, it can be inferred that the passivation of dopants affects
the tested samples. A simulation was used to test this hypothesis. The simulation
was run with the same model parameters as described above but also with a fixed
p-type doping concentration that was reduced by 2.5x compared to the nominal
doping. This allowed to check whether more realistic simulation results could be
expected if hydrogenation were included in the model. The outcome confirmed that
the phase shift values of shallow etch MZMs take on more reasonable values (Fig.
5.22). There is yet no quantitative agreement between measured and simulated
phase shifts. This test, however, highlights that adding a gradual reduction of
the p-type dopants as a function of TID into the existing model to account for

hydrogenation would help in reproducing the measured phase shift values for shallow
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Figure 5.22: Simulated and measured phase shifts as a function of TID for a shallow etch
MZM with 2.5x reduced p-doping concentration.

etch MZMs.

5.3.4 Limitations of the model when simulating biased

samples or at lower temperatures

Carrier transport in the oxide, specifically hole hopping transport via shallow defect
sites, is not included in the simulation model. Increased or decreased carrier veloc-
ities arising from higher electric fields due to biasing the MZM or reduced carrier
mobilities at low temperatures, respectively, are thus not simulated. Consequently,
the observed accelerated phase shift degradation during the online irradiation test
and the delayed degradation when the samples were irradiated at —30°C cannot be

reproduced.

The simulation allowed, however, the investigation of the magnitude of the yield-
function, defined in Eq. (3.3), in un-biased and biased MZMs. Figures 5.23a and
5.23b demonstrates that a stronger electric field in reverse biased MZMs increases
the yield in the oxide. Particularity around the waveguide, the yield in the reverse-
biased MZM is approximately three times larger than in the un-biased MZM (Fig.
5.23c¢). With three times as many ehps escaping initial recombination, deep trap
sites can be filled faster with holes and hydrogen can be released by holes in the
oxide more rapidly. Thus, the same radiation-induced damage in the MZMs can be

created at lower TID levels compared to un-biased devices.
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5.4 Summary

The outcomes of the conducted irradiation tests showed that the phase shift of SiPh
MZMs degraded faster when the devices were biased during irradiation, when a deep
etch waveguide was used for the phase shifters or when the doping concentrations in
the pn-junction were lower. The reason for the device degradation is a pinch-off of
free holes in the waveguide rib from the electrode. The measurements also indicated
that hydrogen-induced dopant passivation likely plays a role in the device failure.
An MZM’s radiation-hardness can be improved when a high doping concentration
and a shallow etch depth waveguide is used. MZMs with such a design can withstand
to more than the minimum targeted TID level of 1 MGy. Independent of the MZM
design, irradiating MZMs at —30°C also delays the phase shift degradation and

leads to a better radiation-hardness.
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6 Radiation-hard optical links
based on silicon photonics

transmitters

MZMs with an improved radiation-hardness that allows them to withstand to more
than 1 MGy of ionizing radiation were identified in the previous chapter. Consid-
erations on how such MZMs could be implemented into a system and what specifi-
cations this system would have are addressed in this chapter. Optical transmission
tests were conducted to compare eye diagrams of irradiated MZMs to those of un-
irradiated samples. The Optical Modulation Amplitude (OMA) of the eye diagrams
was calculated with an analytical model. This model was then used to predict how
the OMA would change as a function of TID for a SiPh Tx operated at 10 Gb/s
in a radiation-hard optical link. A design for such a Transmitter (Tx) is proposed.
Its electrical power consumption is estimated and the optical power budget of a
SiPh-based optical link calculated. Both are compared to the single-mode Versatile
Link (VL) system that will be installed in the CERN experiments in 2018.

6.1 Electro-optical high-speed tests

Optical eye diagrams of irradiated MZMs were measured and compared to un-
irradiated reference samples. This allowed assessing whether the dynamic perfor-
mance of MZMs changed after irradiation. However, the measured dynamic perfor-
mance is not representative of a final system because the custom-design MZMs were
not optimized for high-speed testing (see Sec. 4.3). This would have been neces-
sary to obtain quantitatively meaningful results. A qualitative comparison between

irradiated and reference samples can nonetheless be carried out.

The eye diagrams were measured on bare dies with a similar test setup as the one

described in Sec. 4.4. Changing the light source, electric signal generator and optical
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Figure 6.1: Schematic of the test setup to measure the eye diagrams of MZMs.

receiver was required to perform the eye diagram measurements (Fig. 6.1). Since
the MZM do not have a dedicated phase shifter to set the quadrature point (cf.
Fig. 2.5), a tunable laser was used to adjust the wavelength such that the MZM
under test was at quadrature when biased at Vpo = —3 V. This bias was chosen
such that the MZM was always in the reverse-bias regime during the test, i.e. the
peak-to-peak voltage V,,, < 2-Vpc. The electrical data signal with which the MZM
was driven had a bit rate of 10 Gb/s and was created with a Agilent N4903B J-
BERT. A Pseudorandom Binary Sequence (PRBS) of length 27 — 1 was used for the
test. The pattern length was the same as the one used for the quality assurance in
the production of the VL components [9]. The modulated signal from the J-BERT
was amplified to a peak-to-peak voltage of V,, = 3.5V with a JDSU H501 Optical
Modulator Driver and combined with Vpe through a bias tee. It was applied to
one phase shifter arm of the MZM under test with a Cascade Infinity RF probe.
The modulated optical signal from the MZM was detected with a New Focus 1544-A
photoreceiver that was connected to an Agilent DSA 9120/A Digital Signal Analyzer

where the eye diagrams were recorded.

Eye diagrams could only be recorded for samples with nominal doping as the opti-
cal power of the tunable laser was not high enough to compensate for the increased
absorption losses occurring in samples with 2x nominal doping. Measured eye dia-
grams of deep and shallow etch MZMs that were exposed to 2.6 MGy are compared
to eye diagrams from reference samples in Fig. 6.2. The eye diagrams were mea-
sured five months after the irradiation test took place because not all instruments
required for the test were available directly after the irradiation test was finished.

The irradiated samples were stored at room temperature in the meantime. The
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(b) shallow etch, reference sample

(c) deep etch, 2.6 MGy (d) shallow etch, 2.6 MGy

Figure 6.2: Comparison of eye diagrams at 10 Gb/s of un-irradiated reference samples
and after irradiation to 2.6 MGy. The OMA for both shallow etch MZMs is
approximately —8.5dBm, while it is —7.4dBm for the deep etch reference
MZM. The ERs are 5.2dB and 7.1dB, respectively. OMA and ER were
determined for the average on- and off-state optical power.

phase shift of the deep etch MZM recovered from zero after irradiation to 96 % of
the pre-irradiation value during these five months. The phase shift of the shallow
etch MZM annealed from 34 % to 85 % during that period.

Figure 6.2 shows that the eye of deep etch reference MZMs is more open than for
shallow etch MZMs. This is due to a larger phase shift efficiency of deep etch
MZMs (cf. Sec. 4.2.2). According to Eq. (2.16), this directly translates to a larger
difference between on- and off-state during modulation. This difference is called

Optical Modulation Amplitude and given through
OMA = P,, — Pyyy. (6.1)

The eye opening for shallow etch MZMs could be increased if they were driven with

a larger peak-to-peak voltage.

The comparison in Fig. 6.2 also displays that it is not possible to measure an eye
diagram of irradiated deep etch MZMs. Only a straight line could be measured

which indicates that irradiated deep etch MZMs can no longer be modulated even
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though they still show a phase shift after annealing. On the other hand, there is
no significant difference in the eye diagram of irradiated and reference shallow etch
MZMs. It can be inferred that the dynamic behavior of irradiated MZMs not only
depends on the recovered phase shift. In addition, there must be an intrinsic change
in irradiated deep etch MZMs that limits the modulation bandwidth and explains
the difference to shallow etch MZMs.

The electrical S11-parameters of the same MZMs as used for the eye diagram tests
were measured to determine whether the electrical response of irradiated deep etch
MZMs is different to the response of the other samples. This test was conducted
with a setup similar to the one depicted in Fig. 6.1. The pattern generator was
however replaced with a Keysight PNA N5225A Network Analyzer that provides the
modulated electrical signal and measures the electrical power and phase reflected
from the MZMs. A short-open-load calibration was performed with the RF probe
to account for the cabling used in the setup and measure the reflected power and
phase of the signal accurately. FElectro-optical S21-parameters were not measured
because no tunable laser was available at the time of the test. So it was not possible
to set the wavelength to the quadrature point of the MZM and measure the correct

electro-optical frequency response.

The S11-results confirm that the electrical response of an irradiated deep etch MZM
is different from the other samples (Fig. 6.3). Comparing the different curves shows
that the irradiated and reference shallow etch MZMs as well as the reference deep
etch MZM have a very similar response. The irradiated deep etch MZM on the other
hand reflected approximately 4 dB less electrical power at 8 GHz.

The Sll-measurement results were used to estimate how the electrical bandwidth
of the MZMs reduces after irradiation. The measured S11-data was fitted to a
simplified equivalent circuit model for a phase shifter in a lumped MZM |[213|. This
circuit is based on a series resistance Rg and junction capacitance C'; that represent
the pn-junction in the phase shifter (Fig. 6.4). Ly is included to account for
the inductance of the long metal traces in the custom-design MZMs. Their total
lengths is [ = 2.4mm, with 1.9mm from the phase shifter length and 0.5 mm for
the connection between bond pad and phase shifter. For irradiated MZMs, Rjcqx
was added to the circuit to represent the resistance of the leakage paths created by
radiation. The capacitance due to trapped positive charge is accounted for with
Cozide-

The values for the five elements were varied in ANSYS Electronics Desktop [214]
to find the best fit to the S11-measurements. Since custom-design MZMs do not
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Figure 6.3: Reflected electrical power (S11) from the MZMs that were used for the eye
diagram tests (cf. Fig. 6.2). All samples were biased at —3V during the
measurement.

have transmission lines (cf. Sec. 4.3), the measurement data was only fitted until
the frequency where the lumped-element approximation for circuits is valid and the
phase of the electrical signal can be regarded as constant. This frequency viumped
can be calculated by assuming that the corresponding wavelength is shorter than
/10 of the total length [ of the electrode [215, p. 204]. This yields

Viumped = 10l—f/5_T ~ 6.3 GHz (6.2)
with €, = 3.9 being the relative permittivity of the material (SiO2) between the
signal and ground electrode of the phase shifter. Figure 6.5 shows the outcomes
of the fits. The reflected power (S11) and phase of the electrical signal match the
measured values reasonably well given the simplicity of the model. The actual fit
values used for the different elements before and after irradiation are specified in
Tab. 6.1. L, was only varied in the fitting procedure for the reference sample and
then kept constant for fitting the irradiated sample because the metal traces should
not be affected by the radiation. Therefore, their inductance should not change
either. The value of L;,. = 0.8nH is very close to the approximated inductance

value for two parallel, flat and adjacent conductors given through [216, p.484]

L~ Mooy, _dr +§
2T wT+tT 2

where Ly is the vacuum permeability, wr and ¢ the width and thickness of the

I =0.9nH, (6.3)
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Figure 6.4: Simplified equivalent circuit of a phase shifter in an MZM to which the S11-
data was fitted. The black part represents the phase shifter before irradia-
tion. Rg and C'y are the series resistance and junction capacitance of the
pn-junction, respectively. Ljne accounts for the inductance in the metal
traces. The green part is added when irradiated MZMs were fitted. Rjeqk
and C,yiq. are the resistance of the leakage paths and the capacitance due to
trapped positive charge induced by radiation, respectively.

Table 6.1: Values of the individual elements for the S11-fit of deep etch MZMs to the
equivalent circuit in Fig. 6.4. The fit results are shown in Fig. 6.5.

‘ before irradiation ‘ after irradiation

Rs 20.3 Q2 47.0Q
Cy 0.6 pF 0.4pF
Liine 0.8nH 0.8nH
Ricar - 117 MQ
Com'de - 0.1 pF

metal traces, respectively, and dr their separation. The fitted series resistance before
irradiation is comparabel to values published in [117,213|. The junction capacitance
before irradiation can be estimated with the formula for a capacitor whose plates
have a distance equal to the depletion width Wp and its area A is given by the
height and length of the pn-junction [186, p. 85| in the phase shifter. With a
relative permittivity of £, = 11.7 for silicon, the capacitance can be approximated
with

A
CJ = EOE:TW_D = 0.6 pF (64)

and perfectly matches the fitted value.

After irradiation, the capacitance decreased to 0.4 pF. This can be attributed to the

fact that the n- and p-doped regions were no longer next to each other. Instead,
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Figure 6.5: Measured and fitted reflected electrical power (S11) and phase of a reference
and irradiated deep etch MZM.

they were separated by a p-doped island and a region with very low carrier densities
(cf. Fig. 5.17b) that form as a result of the pinch-off effect in the p-doped slab
region. This resembles a configuration in which the distance between n- and p-
doped regions is enlarged. According to Eq. (6.4), the capacitance consequently
goes down. The series resistance of the pn-junction increases from 20.3 ) before
to 47.0€) after irradiation. This observation is compatible with a reduced carrier
concentration in the p-doped slab due to the aforementioned pinch-off effect. Hence,
the resistivity becomes larger. The order of magnitude for the resistance of the
leakage path (117 MQ) after irradiation seems also reasonable given the measured

leakage currents were in the nA regime (cf. Fig. 5.2) and so

Vo1V
Ricar = 7 % 2= = 200MQ. (6.5)

The corresponding electrical cutoff frequency for the reference sample can be calcu-
lated with Eq. (2.19) and yields f3gp ~ 13.0 GHz. When the additional resistance
of the leakage path and capacitance of the trapped positive oxide charge are taken
into account for the irradiated sample, the equivalent resistance R., and equivalent

capacitance C,, of the circuit are

1 1\
R, =|— d C,=C Clovide- 6.6
a (Rs Rleak) o I il ¢ (6.6)

The irradiated sample then has a electrical cutoff frequency of

1
= ——— = 6.7GHz. 6.7
f3dB o Req Ceq Z ( )
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The modulation bandwidth thus halved after irradiation. The available bandwidth
after irradiation should nonetheless be enough to see a modulated optical signal
when trying to measure eye diagrams at 10 Gb/s of the irradiated deep etch MZMs.
Therefore, the reduction cannot explain the measured straight line in Fig. 6.2c.
Consequently, a second mechanism had to affect the modulation bandwidth and

cause the MZM to be unable to produce a modulated optical signal.

Typically, the modulation bandwidth in a reverse-biased MZMs is determined by
the RC-constant of the pn-junction because the carrier lifetimes are very short (cf.
Sec. 2.5.2). However, the performed analysis indicated that the RC-constant of
irradiated MZMs cannot be the limiting factor here. It is thus likely that the carrier

lifetimes in MZMs were affected by radiation.

As mentioned above, measurements of a irradiated deep etch MZM displayed that its
phase shift almost entirely annealed between the irradiation test and when the eye
diagrams were measured. However, the non-existent eye diagram suggests that the
state of the tested MZM is different from its pre-irradiation state. On the other hand,
the phase shift recovery suggests that the MZM annealed to a state similar to before
the phase shift rapidly dropped during the irradiation test (cf. Fig. 5.3a). Hence, it
can be assumed that the state of the tested deep etch MZM is between 0 kGy and
100 kGy, for instance like at 50 kGy in Fig. 5.16a. There, the phase shift hardly
changed compared to its pre-irradiation value but the device was already exposed
to half of the TID needed to cause the phase shift to vanish. The corresponding 2D
carrier densities were simulated and are plotted in Fig. 6.6 and 6.7. The plots show
that the accumulation of trapped positive charge in the oxide already caused some
pinch-off in the p-doped slab region. The hole density consequently reduced by
about six orders of magnitude when compared to the pre-irradiation case, whereas
the electron density increased by up to nine orders of magnitude. A detailed plot
of the density values for both carrier types along a cutline at = 3.5 um (Fig. 6.8)
reveals that the p-doped slab becomes essentially intrinsic. The hole and electron
densities were roughly 1-10'" cm™3 and 1- 103 cm ™3, respectively, before irradiation
and the slab was thus clearly p-doped. Both carrier densities became around 1 -
109 cm =2 after 50kGy. This resembles carrier concentrations in intrinsic silicon in
which the number of free holes and electrons is of the same order of magnitude. Many
of those intrinsic carriers will recombine with each other and additionally injected
carriers cannot easily find a recombination partner. Consequently, the recombination
lifetime of additional electrons injected into the p-doped slab under reverse bias will
be much longer because it will take them longer to find a free hole to recombine
with.
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Figure 6.6: Simulated electron densities of a deep etch MZM with nominal doping before
irradiation and after 50kGy. The incipient pinch-off effect in the p-doped
slab leads to an increase in electron density and a decrease in hole density.
The electron densities along x = 3.5 um are plotted in Fig. 6.8.

The pre-irradiation carrier lifetimes in reverse-biased MZMs is typically short enough
to support modulation bandwidth beyond the RC-limit. Otherwise the carrier life-
times and not the RC-constant would be the limiting the modulation bandwidth.
Carrier lifetimes in reverse-biased silicon MZMs are in the order of magnitude of
100 ps [217,218| before irradiation. According to [219], the electron lifetime in p-
doped silicon increases by more than three orders of magnitude for the simulated
acceptor densities at 0 kGy and 50 kGy. If it were assumed that the carrier lifetimes
7 in reverse-biased MZMs follow the same correlation, the modulation bandwidth
would scale down accordingly from the GHz- to the MHz-range. Such a modulation
bandwidth would be too low to produce any modulated output and hence could ex-
plain the measured straight line instead of an eye diagram for irradiated deep etch
MZMs.
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Figure 6.7: Simulated hole densities of a deep etch MZM with nominal doping before
irradiation and after 50kGy. The pinch-off effect already started in the p-
doped slab. This leads to a decrease in hole density but also an increase in
electron density. The hole densities along x = 3.5 um are plotted in Fig. 6.8.
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Figure 6.8: Simulated electron and hole densities of a deep etch MZM with nominal
doping before irradiation and after 50 kGy along z = 3.5 um taken from Fig.
6.6 and 6.7.
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It is assumed that irradiated shallow etch MZMs are not affected by this because
they did not experience a full pinch-off in their thick slab. Otherwise, their phase
shift would have vanished, too. Consequently, there will be no intrinsic-like region

which limits the modulation performance and an open eye could be measured.

6.2 Modeling the Optical Modulation Amplitude

It is required to model the OMA based on measured phase shift values to be able
to predict the system performance of SiPh-based radiation-hard optical links as a
function of TID. As the OMA is determined by the optical power levels of the MZM
in the on- and off-state, these power levels can be calculated for an ideal MZM
without losses with the transfer function as given in Eq. (2.16). In reality, however,
optical power is lost in an MZM due to e. g. absorption and scattering. Taking losses

into account, the on- (P,,) and off-state (P,ss) power levels of an MZM become

P, s V. 1
Ponjors = T3 1 + cos 5 T A (%) - (QJVIM] + acpr + §OZWG) ., (6.8)
1
Py, = Pros — | apmr + acpr + EQWG +apmzm + QgL | - (6-9)

Here, Pr.s is the optical power of the laser that is fed into the MZM and apsg,
acpr, awe and aprzyr are the losses of the 50:50 splitter /combiner, grating coupler,
routing waveguides and phase shifters, respectively. ag; accounts for the varying
coupling losses that occurred during the manual alignment of the lensed optical
fibers to the grating couplers for each tested MZM. V), is the differential peak-to-
peak voltage that is applied to both arms. If only one arm was driven, twice that
Vpp had to be applied to this arm to get the same OMA.

The OMA can be modeled with the above formula if the frequency response of the
MZMs is flat up to 10 GHz, i.e. the modulation bandwidth is wide enough to not
diminish a 10 Gb/s-signal. This is a realistic assumption for MZMs with properly
designed electrodes as devices with a bandwidth exceeding tens of GHz were already
demonstrated [57].

The model was verified by comparing calculated OMA values with measured ones
(Fig. 6.9). The measurements were done with building block MZMs that have
traveling wave electrodes and support bit rates of up to 25 Gb/s. The modulation
bandwidth of these MZMs as specified by imec is 11 GHz at —2V and thus complies

106



6 Radiation-hard optical links based on silicon photonics transmitters

8 8
pPeae
9} a a 9L
E L=1.0mm . g -
S 10T =308 I B
< <
z 5
A1t 11
measurement/model measurement/model
12l s /—P =16dBm 12+ = /—P =16dBm
° ° / P ,=15dBm ° ® / P .s=15dBm
2.0 2.5 3.0 3.5 4.0 2.0 2.5 3.0 3.5 4.0
Vi (V) Vep (V)
(a) (b)

Figure 6.9: Comparison of measured (10 Gb/s) and modeled OMA for two building block
MZMs with traveling wave electrodes and phase shifter length of 1.0 mm (a)
and 1.5mm (b). The bias voltage for these measurements was Vpc = —3 V.
Example eye diagrams are shown as insets.

with the aforementioned assumption. The MZMs were terminated with an off-chip
50 Q2-load that was connected to a second RF probe to avoid RF power being reflected
back at the end of the traveling wave electrodes. Distortions in the devices’ dynamic
performance could be avoided in this way. The loss values for the calculations of
the OMA were oy = 1.0dB, acpr, = 4.0dB, ayg = 1.7dB. Based on the
good agreement between measured and modeled OMAs for different phase shifter
lengths, V,,,’s and laser powers it can be concluded that the OMA-model can be
used to predict the performance of SiPh-based optical links.

6.3 Proposal for transmitter-architecture and

system performance

The fact that shallow etch MZMs exhibit a phase shift and open eye diagrams
after irradiation confirms that such devices could be used as transmitters (Tx) in
radiation-hard optical links. The design of the MZMs would need to be upgraded
for such a Tx to be tested in an actual link configuration. A proposal for such an
upgrade and how the OMA of it would change as a function of TID is presented in

this section.
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6.3.1 SiPh Tx chip optimized for system implementation

MZMs with high-speed electrodes that allow for 10 Gb/s-operation and a mechanism
to control and adjust the quadrature point (cf. Fig. 2.5) would be needed for an
actual radiation-hard SiPh-based optical link. The quadrature control is particularly
important to compensate for shifts in the quadrature point. These shifts could arise
e. g. from drifts in the lasing wavelength or temperature variations. If the quadrature
point was not controlled in such a case, the MZM would no longer be operated in
its optimal condition and the OMA would reduce. A higher number of bit errors

would result.

Controlling the state of an MZM with respect to its quadrature point can be achieved
e.g. by tapping some light power at the input of the MZM and comparing it with
the power after a quadrature phase shifter [220,221]. A quadrature phase shifter
provides the same functionality as a phase shifter in an MZM without the need to
operate at high speeds. Injection-type pin phase shifters (cf. Fig. 2.6) are often used
in commercial devices for that purpose because they have a high phase modulation
efficiency and thus can be short. However, it is not possible to use injection-type
phase shifters in HEP experiments since their pin-junctions can change as a conse-
quence of radiation (cf. Sec. 3.1). Using an additional depletion-type phase shifter
is possible but would make the total Tx larger due to the lower phase modulation
efficiency and thus the required length. Instead, thermo-optic phase shifter are
the best candidate because the strong thermorefraction in silicon (Sec. 2.2.1) can
be exploited and short phase shifters can be realized. Furthermore, they can be

implemented through metal lines which would not be affected by radiation.

A proposal for a design of a radiation-hard SiPh Tx as it could be installed in an
HEP experiment is depicted in Fig. 6.10. In the proposed configuration, the Tx and
its feed-laser would be installed in the radiation zone of an HEP experiment. The Tx
would go in the innermost regions of the particle detector where the highest radiation
levels occur. There it would take measurement data from the particle sensors and
send it to the counting room for further processing. The feed-laser would be placed a
few meters away from the innermost detector regions to reduce the radiation levels
it will be exposed to and thus delay radiation-induced degradation. The driver
of the MZM and the implementation for a quadrature control is also indicated in
Fig. 6.10. The controller for the latter would be based on a simple radiation-hard
circuit to process the information from the monitor PDs and adjust the power for

the thermo-optic heater accordingly.
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Figure 6.10: Proposal for the use of a SiPh Tx in a HEP experiment. The Tx and its
feed-laser would be installed in the radiation zone. There, the MZM is
driven with data from a particle sensor and sends it to the counting room.
The laser would be installed in a region with lower radiation levels to avoid
radiation-induced degradation. The Tx has a thermo-optic phase shifter to
control the quadrature point of the MZM. Values for the losses of passive
components are indicated above the corresponding element.

It is important that all passive optical components in a radiation-hard SiPh Tx have
losses as low as possible. This is a consequence of the high doping concentrations and
shallow etch depth needed to improve the radiation-hardness of MZMs. Both entail
significant optical losses compared to commercial devices. Target values for the
losses of these passive components are also indicated in Fig 6.10. The estimations
for these losses are based upon published values for losses in grating couplers of
approximately 1.2 dB [222,223], MMI losses of less than 0.1 dB [224] and propagation
losses in un-doped waveguides of 2.4 dB/cm [225].

6.3.2 Required laser power and optical power budget

If a SiPh-based optical link were based on this layout proposal, it must have a
minimum laser input power to provide the required OMA for the target application.
For the receivers (Rx) in the counting room to ensure a Bit-Error-Rate (BER) of
lower than 1- 10712, as defined in specifications for the upcoming Versatile Link
(VL) system [10], the OMA of a single-mode Tx needs to be at least —5.2dBm.
The optical laser power required to obtain this minimum OMA with the proposed
SiPh Tx can be calculated with Eq. (6.8). As the light from the feed-laser in an

actual Tx is not coupled manually into the grating couplers and the losses due to
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Figure 6.11: OMA as a function of laser power for SiPh Tx as proposed in Fig. 6.10 with
nominal (a) and 2x nominal doping (b). A differential V},, = 2V was used
for the calculations.

the quadrature control mechanism need to be taken into account, Eq. (6.9) becomes

1
Py, = Pras — <04MM1 + acpr + Sawa + anzm + OHear + 2 - OéMon> . (6.10)

Qpeat and oy, are the losses of the thermo-optic heater and the splitters for the
monitor PDs, respectively, needed for the quadrature control. The OMA as a func-
tion of laser power for Tx with phase shifters based on the same design as the ones
in custom-design shallow etch MZMs was calculated for both doping concentrations,
MZMs with different lengths and a differential drive voltage of V,,, = 2V (Fig. 6.11).
The calculations showed that a laser power of at least 12.2dBm would be needed
for MZMs with nominal doping and a length of either 1.0 mm or 1.5 mm. 1dB more
power would be needed for MZMs with 0.5 mm or 2.0 mm long phase shifters. The
phase shift in a 2.0 mm-device is larger than in shorter devices and should thus lead
to a larger OMA for the same laser power. However, the accompanying increase
in absorption losses will reduce the difference between the MZM’s on- and off-state
and consequently decrease the OMA. This is the opposite for a 0.5 mm-long MZM.
The absorption losses are lower because of the shorter length but the resulting phase
shift that can be acquired over this length is also limited and the OMA decreases

compared to 1.0 mm-long samples.

The very high absorption losses in MZMs with 2x nominal doping lead to a similar
effect. The lowest laser power (14 dBm) that yields a minimum OMA of —5.2dBm
at V,,, = 2V is found for the shortest phase shifter length. For longer lengths, the

losses dominate over the phase shift and a higher laser power would be required to
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Table 6.2: Pre-irradiation optical power budget for SiPh Tx with different doping levels
and laser input powers. The values are compared to a single-mode Tx from
the Versatile Link project.

nominal doping, L = 1.0 mm 2x nominal doping, L = 0.5mm | Versatile Link [10]
Pr,s =12.2dBm Pr,, =20dBm | Py, = 14dBm  Pr,s = 20dBm single-mode Tx

Tx OMA |dBm| —5.2 2.6 —5.2 0.8 —5.2

max. Rx sensitivity [dBm]| —12.6 —12.6 —12.6 —12.6 —12.6
power budget [dB] 74 15.2 74 13.4 74

fiber attenuation |dB| 0.1 0.1 0.1 0.1 0.1
connector insertion loss [dB| 2 2 2 2

link penalty [dB] 1.5 1.5 1.5 1.5 1.5
margin [dB] 3.8 11.6 3.8 9.8 3.8

get the same OMA.

Based on the obtained minimum feed-laser power levels, the optical power budget
and margin for SiPh Tx before irradiation were calculated (Tab. 6.2). The margin
is an important characteristic of an optical link. It is given by the Tx OMA minus
the maximum Rx sensitivity minus all link penalties. A positive margin indicates
that the optical power detected by the Rx in the counting room is high enough to
distinguish reliably between transmitted bits and thus provide the required BER.
The BER in the Rx will increase if the margin drops below zero. The calculations
summarized in Tab. 6.2 were also done for a laser power of Pr,, = 20dBm to show
how the margin of the optical power budget can be increased at the cost of a higher
laser power. The values for the minimum sensitivity of the receiver in the counting
room and all penalties were taken from the VL power budget calculations [8]. The
margins in the power budget calculations for the minimum laser powers are thus
identical to the one for the VL single-mode Tx (3.8 dB). The margins rise and range
from 9.8dB to 11.6dB if the laser power is increased. This implies that the SiPh
Tx should withstand to higher TID levels before the margin drops below zero.

The evolution of the OMA as a function of TID can be predicted when the pre-
irradiation phase shift values in Eq. (6.8) are replaced with the phase shift values
measured during the online irradiation test (cf. Sec. 5.2.3). These values were
obtained when the MZMs were biased at —3V during the test. The results are
shown in Fig. 6.12. The prediction was based on a differential V,,, = 2V applied to
the SiPh Tx and loss values for passive components as indicated in Fig. 6.10. The
plot shows that SiPh-based optical links with a minimum OMA of —5.2 dBm would
work from 900kGy (nominal doping and Pr,s = 13dBm) to 1.33 MGy (nominal
doping and Pr,s = 20dBm as well as 2x nominal doping and Pp,s = 14dBm) and
1.74 MGy (2x nominal doping and Pr,s = 20 dBm).

These outcomes demonstrate that SiPh Tx based on shallow etch phase shifters
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Figure 6.12: OMA and margin of the optical power budget as a function of TID for the
proposed SiPh Tx with different doping concentrations and laser powers. A
differential V},, = 2V was used for the calculations.

can not only maintain their pre-irradiation phase shift above 50 % up to more than
1 MGy, it would also be possible to have a working system that can provide the
minimum required OMA up to 1.7 MGy. Tt can be imagined that the OMA can be
sustained sufficiently high until even higher TID levels based on the above made
observations that the phase shift in a cold environment, at lower voltages or when
irradiated at a lower dose rate degrades more slowly. SiPh-based optical links that

function correctly in harsher radiation environments can thus be expected.

6.4 Estimation of electrical power consumption

The analysis above shows that SiPh-based optical links can withstand TID levels up
to 170x and 3.4 x higher than components for the VL. and VL.+ system, respectively,
are qualified (cf. Sec. 1.2 & 1.3). The electrical power consumption, however, is also
an important figure of merit for an optical link. To determine whether the proposed
SiPh-based link can compete with a single-mode VL. Tx in this regard, its electrical

power consumption was estimated.

The total power consumption in a SiPh Tx consists of the power consumed by
the MZM itself, its driver, the quadrature control unit with the monitor PDs and
thermo-optic heater as well as the power required to operate the feed-laser. MZMs
have virtually no DC power consumption since they are reverse-biased and there is

no current flow. However, MZMs consume electrical RF power if they provide high
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Table 6.3: Total electrical power consumption for a radiation-hard SiPh MZM-based op-
tical link. The value is compared to a single-mode Tx from the Versatile Link
project and a multi-mode Tx from the Versatile Link+ project.

SiPh Tx Versatile Link  Versatile Link+
(single-mode) single-mode Tx  multi-mode Tx

MZM power [mW]| 40

MZM driver power [mW]| 320

photodiode power [mW]| 2 x 30

heater power [mW] 25

heater controller [mW]| 10

total power [mW)| 455 415 50
bit-rate [Gb/s] 10 4.8 10
energy per bit [pJ/bit] 46 87 5

bit rates and therefore employ electrical transmission lines that are terminated with
a load. In a system with an impedance of Zy; = 502 where both arms of an MZM
are differentially driven with V,, = 2V, i.e. a peak voltage of V,, = 1V is applied to

each arm at each time, the total RF power consumption is

‘72 (1‘7)2
Prrp=2-L£ =2 =40mW. 6.11
RF R 50 ) m ( )

The power consumption of a driver circuit for MZMs can be as high as 320 mW
[226]. The electrical power needed to induce a phase shift of m, which is enough to
adjust the quadrature point, with a thermo-optic heater would be around 25 mW
|227|. Since the principle of adjusting the quadrature point in an MZM is the same
as the wavelength-stabilization in a ring-modulator, it can be assumed that the
power consumption of the radiation-hard circuit for the quadrature controller is also
similar. The power consumption of the circuit for the quadrature controller would
therefore be in the order of 10 mW [228|. The power consumed by a monitor PD and
its transimpedance amplifier (current-to-voltage converter) is up to 30 mW [39]. This
yields a total power consumption of 455 mW for a SiPh Tx (Tab. 6.3). The power
consumption of the feed-laser, estimated to be 130 mW for an edge-emitting laser
that draws a current of 100mA at 1.3V, is not included in this number. The reason
for this is that the feed-laser would be placed away from the innermost detector
regions to avoid damage to it. The heat dissipated by it thus would not need to be
transferred away from the innermost region which has to be kept to a temperature
below 0°C. The laser power is clearly needed to run a SiPh-based link. It is however
not as critical as if it was dissipated in the detector region that is cooled. The laser

power is included in the number for VL and VL-+ components, however, as they will
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be installed with the laser in the innermost detector regions.

The comparison shows that the upper estimation of 455 mW per channel for SiPh-
based optical links is only 40 mW higher than the power consumption of a VL
single-mode Tx. On the other hand, the power consumption of a VL-+ multi-mode
Tx is about 400 mW lower than that of a SiPh Tx. This large difference can be
attributed to the fact that VCSELs used for VL+ multi-mode Tx can be driven
with lower currents than edge-emitting lasers used for VL single-mode Tx. The
reduced current requirement also leads to a lower power consumption of the laser

driver.

The power consumption of SiPh-based optical links could be further reduced by
optimizing the design of the MZM driver as this is the main contributor to the
overall power consumption. A driver design for MZMs with a power requirement
of only 100mW was already published [229]. Furthermore, the transmission line
and termination load in an MZM could be removed and its design optimized for a
lumped operation. In this case, there would be no RF power consumption in the
MZM [230] and another 40 mW could be saved. These improvements could bring
the total power consumption of a SiPh Tx down to about 200 mW per channel. In
addition to the improved radiation hardness, this would make radiation-hard SiPh-
based optical links a viable alternative to VCSEL-based optical links for the harshest

radiation environments in HEP experiments.

6.5 Summary

Eye diagrams of irradiated and annealed MZMs were compared to eye diagrams of
reference samples. Shallow etch MZMs showed no degradation whereas deep etch
MZMs could no longer be modulated after irradiation. This was attributed to in-
creased carrier lifetimes that resulted from the radiation-induced pinch-off effect. A
model to calculate OMAs was developed and its validity confirmed with measure-
ments. The model was used together with a proposal for a SiPh Tx to predict a
working radiation-hard optical link up to a TID of 1.7 MGy. The electrical power
consumption of such a link was estimated and found to be similar to the power

consumption of single-mode Tx fabricated for the VL system.
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CERN operates the Large Hadron Collider (LHC) to accelerate and collide charged
particles. The particle collisions are detected in large particle detectors that con-
sist of millions of individual sensor channels. The amount of raw data measured
by all of these sensor channels is in the order of Tb/s. This data can only be sent
efficiently from the radiation-zone within the particle detectors to the processing
electronics in the radiation-free counting room through tens of thousands of optical
links. The Transceivers (TRx) used for the optical links need to function under very
harsh conditions. They need to be able to withstand strong magnetic fields, large
temperature variations and extreme radiation levels to send the measurement data
reliably. Damage from radiation in the particle detectors is typically the biggest con-
cern for the operation of the optical TRx. Heavy particles can create displacement
damage in the atomic lattice of the devices and ionizing radiation can introduce
charge trapping and deactivation of dopants. Both damage mechanisms can lead to
degradation in the performance of the optical TRx over time and eventually cause

the optical links to stop working.

The current- and next generation of optical TRx to be installed in the radiation-
zone are custom-made and based on directly-modulated lasers, predominantly multi-
mode Vertical Cavity Surface Emitting Lasers (VCSELs). They were qualified to
withstand radiation levels high enough for an installation in most regions of the
particle detectors. However, the radiation levels in the High Luminosity (HL)-LHC
will be so high that VCSELs cannot be used for optical TRx everywhere in future
High Energy Physics (HEP) experiments. If VCSELs were installed in the innermost
regions of the particle detectors where the highest radiation levels will occur, they
would stop working before the end of their required 10-year operational lifetime and
measurement, data could no longer be sent out. Consequently, a new technology
that allows radiation-hard optical links to be installed and reliably operated in the

innermost detector regions is needed.

Silicon Photonics (SiPh) is considered a promising candidate for this new technol-

ogy. This is because silicon has proven itself as a good material for radiation-hard
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particle sensors. Furthermore, SiPh could allow a highly-integrated detector mod-
ule including several functions (particle detector, electrical driver, optical TRx) to
be envisioned. Such a module could have a lower power consumption, be cheaper,
lighter and smaller than current solutions and could thus lead to a paradigm shift

in the design of detector read-out systems and radiation-hard optical links in HEP.

SiPh depletion-type Mach-Zehnder Modulators (MZMs) were chosen for investi-
gation as Transmitters (Tx) in radiation-hard optical links. These devices are
less sensitive to fabrication and temperature variations than SiPh ring modula-
tors. They should furthermore provide better radiation-hardness than injection- or
accumulation-type MZMs. The first irradiation tests of SiPh MZMs with a con-
ventional design have indeed shown that the devices are resistant against a neutron
fluence high enough for applications in the HL-LHC. In contrast, the same devices
were very sensitive to ionizing radiation and their phase shift vanished before Total
Ionizing Dose (TID) levels as those predicted for the HL-LHC were reached. Similar
to VCSELs, SiPh MZMs with a conventional design thus cannot be installed in the

innermost detector regions of future HEP experiments.

7.1 Main outcomes

This thesis examined how the design of SiPh MZMs could be modified to improve
their radiation-hardness such that the innermost detector regions become accessible
for radiation-hard optical links. The devices should withstand a TID of at least
1 MGy for that to be achieved. A SiPh test chip containing MZMs with varied
design parameters was designed for that purpose. The chip allowed the identification
of the design parameters that affect the radiation-hardness of MZMs. Simulations
were performed to optimize the phase shift efficiency of the custom-design MZMs
on the test chip. The outcomes showed that deep and shallow etch waveguides with
a width of 450 nm and a pn-junction being centered in the waveguides were the best
design choice to assess the radiation-hardness of MZMs. The chips were fabricated
in two versions, with nominal doping and 2x nominal doping concentrations in the
pn-junction, in a multi-project wafer run at imec. The chips were found to be fully
functional, although their measured phase shifts were higher than initially simulated.
The actual doping concentrations used during processing were determined with Van-
der-Pauw resistivity measurements. After adjusting the simulations accordingly, a

very good agreement between measured and simulated phase shifts was achieved.

Several test chips were irradiated with x-rays to assess the response of the MZMs
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to ionizing radiation. The temperature in the x-ray irradiator and the bias applied
to the MZMs during irradiation were varied for the different tests. The test results
demonstrated that shallow etch MZMs withstand more than 10x higher TID levels
before their phase shift degraded when compared to deep etch MZMs. All tests also
displayed that the phase shifts enhanced up to 30 % before it then degraded.

Increasing the doping concentrations in the pn-junctions of the MZMs also improved
the radiation-hardness, particularly for shallow etch MZMs where the difference is
larger than for deep etch MZMs.

The phase shift degradation was accelerated when a reverse bias was applied to the
MZMs during irradiation. This acceleration was more pronounced when the reverse
bias was higher. The faster degradation was attributed to the stronger electric
field present in reverse-biased MZM. This leads to more holes escaping prompt
recombination after having been created by ionizing radiation. In addition, the
velocities at which these holes move through the oxide of the MZMs is faster when
the electric field is stronger. Consequently, the radiation-induced damage builds up

more rapidly.

In contrast, an irradiation at —30 °C delayed the phase shift degradation because the
mobility of holes is reduced at lower temperatures and so they move slower through
the oxide. It hence takes longer to create significant damage in the active silicon

layer of the device.

The propagation losses through the doped waveguides of deep etch MZMs decreased

during irradiation by approximately 24 % for both doping concentrations.

Some of the radiation-induced damage annealed when the MZMs were heated to
60 °C. Shallow etch MZMs could withstand another significant TID during a second
irradiation after annealing. This implies that the dose rate during the test affects
the phase shift degradation. It can be assumed that MZMs installed in a HEP
experiment can be operated to higher TID levels than those tested for because the
actual dose rate would be at least 100x lower (e.g. 0.01 — 0.1 Gy/s in HL-LHC).
Additionally, there would be intermediate breaks during the irradiation. Both would
increase the chances that some damage can anneal and the MZMs can withstand

the radiation longer.

First results on the radiation hardness of Germanium-on-Silicon photodiodes were
also measured. Their dark- and photo-currents were not significantly affected when

they were irradiated with x-rays.
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Simulating the radiation-induced phase shift degradation in deep etch MZMs quan-
titatively showed that trapped positive charge in the oxide pushed the free holes
out of the p-doped slab region. This caused the free holes in the waveguide rib
to become pinched-off from the electrode and carriers could no longer be depleted
when a reverse bias was applied. Shallow etch MZMs could not be simulated with
the existing model because it did not account for hydrogen-induced dopant passi-
vation. Van-der-Pauw resistivity measurements demonstrated, however, that the
doping concentrations were reduced after irradiation. A simulation with reduced
doping concentrations further indicated that shallow etch MZMs could be modeled
quantitatively if hydrogen-induced dopant passivation were included in the simula-

tions.

The dynamic performance of irradiated MZMs was tested with eye diagram mea-
surements at 10 Gb/s. Eye diagrams of reference and irradiated shallow etch MZMs
were virtually identical. In contrast, deep etch MZMs did not show a modulated
output signal after irradiation. This was partially attributed to a reduction of the
available modulation bandwidth that stemmed from the radiation-induced defects.
In addition, the carrier lifetimes in the pinch-off region of the MZMs increased.
Thus, it became impossible for deep etch MZMs to produce a 10 Gb/s-modulated

signal at its output.

An analytical model to calculate the Optical Modulation Amplitude (OMA) of the
measured eye diagrams was developed and verified through measurements. The
model was used together with a design proposal for a SiPh Tx to estimate the
optical power budget and predict the performance of radiation-hard SiPh-based
optical links. The findings indicated that such links could be operated, according
the specifications of the single-mode Versatile Link (VL) system that will be installed
in 2018, up to 1.7 MGy. Optical links able to withstand even higher TID levels can
be imagined when operated at colder temperatures and lower voltages as well as
in environments with lower dose rates because each of these conditions slows down
the phase shift degradation. Nonetheless, 1.7 MGy already surpassed the minimum
target TTID of 1 MGy set for SiPh Tx. This would allow the installation of SiPh-
based optical links as close as 10 cm from the beam pipe whereas VCSELs or MZMs
based on a conventional design could not be installed closer than 17 cm and 25 cm,
respectively, from the innermost regions of CMS in HL-LHC (Fig 7.1). Consequently,
all sensors of the endcap calorimeter as well as the outer layers of the pixel tracker
could now be directly equipped with optical links to read out their measurement
data.
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Figure 7.1: Exclusion regions of SiPh MZMs installed in the CMS detector in HL-LHC for
devices with a conventional design (a) and after (b) improving the radiation-
hardness. The radiation levels in the black areas are too high for the MZMs
to be installed in. MZMs with improved radiation-hardness can be installed
everywhere in the endcap calorimeter and at the outer parts of the pixel
tracker. This was not possible with MZMs based on a conventional design or

VCSELs (cf. Fig. 1.6).

The electrical power consumption of the proposed SiPh-based optical links was esti-
mated to be similar to that of the single-mode VL system. The power requirements
could be further reduced if the components of the proposed Tx were optimized for

low power consumption.

7.2 Future work

Further investigations are required, however, before the full potential of radiation-
hard SiPh MZMs is understood. In particular, online irradiation tests of biased
MZMs in a cold environment should be carried out to understand the interplay
of the accelerated phase shift degradation due to biasing of the MZMs with the
delayed degradation when irradiating them at lower temperatures. MZMs should
also be irradiated at a lower dose rate to assess how strongly the effect of annealing
can counteract the phase shift degradation. These tests will determine the ultimate
TID level up to which SiPh MZMs could be used in future HEP experiments.

Besides experimental tests, a revised simulation model would be needed to quanti-
tatively simulate the phase shift degradation of shallow etch MZMs as a function
of TID. Adding the transport of radiation-generated holes through the oxide dur-
ing the transient simulation would be a one possibility to improve the simulation

results. The model could then account for the varying carrier velocities when a
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bias is applied to the phase shifter during irradiation or when the temperature is
reduced. Including the mechanism of hydrogen-induced dopant passivation as it
most likely occurs in the MZMs could be another way to extend the existing model.
For that purpose, the concentration of passivated dopants could e. g. be determined
by measuring the change in the doping concentrations of a chip with Van-der-Pauw
resistivity measurements during irradiation. Alternatively, the concentration of hy-
drogen in the active silicon layer before and after radiation by means of Secondary
Ton Mass Spectroscopy (SIMS) could be compared. The results could then be used

to implement a new simulation model.

Furthermore, knowing the exact energy levels, concentrations and distributions of
interface traps and trapped positive charges in irradiated MZMs would be valuable
to deepen the understanding of the radiation-induced defects in SiPh devices. This
information could allow to find additional means to improve the radiation-hardness
of SiPh MZMs.

Figure 7.2 summarizes design suggestions that could already be investigated to im-
prove the radiation hardness of SiPh MZMs further. Having two different etch
depths on the p- and n-doped side of the waveguide in a radiation-hard SiPh MZM
could be one method to improve the optical performance of these devices. If a deep
and shallow etch were employed on the n- and p-doped side, respectively, the optical
mode would be better confined than in a shallow etch MZM. In this way, the losses
would be lower and the phase modulation efficiency larger while the pinch-off in the

p-doped slab region could still be delayed compared to a deep etch MZM.

A similar outcome could probably be achieved if the p-type doping profile were
engineered such that the edges of the slab along the interface are higher doped than
the center of the slab. Higher TID levels and more trapped positive charge would
then be required to push the free holes out of the p-doped slab and create a pinch-off.

Limiting the absolute number of deep traps in the top oxide by growing it only a
few nanometers thick could be another approach. Positive charges could then only
be trapped in a very thin layer on top of the slab region. The resulting electrostatic
repulsion acting upon the free holes in the p-doped slab might not be strong enough

to create a pinch-off.

Alternatively, the number of radiation-generated holes that can be trapped in the
oxide could potentially be reduced by adding two extra metal electrodes in the oxide.

If a voltage is applied to them, they create an electric field which could partially
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Figure 7.2: Suggestions to improve the radiation-hardness in SiPh MZMs further. A deep
etch could be employed on the n-doped side and a shallow etch on the p-doped
side to increase the confinement of the optical mode and thus enhance the
MZM’s performance while still sustaining a high radiation hardness. The
edges in the thick slab could also be p4-doped to delay the pinch-off effect.
In addition, the top oxide could be grown only a few nm thick (black dashed
line) to limit the number of deep traps that could capture holes. Alternatively,
two metal electrodes could be placed in the top oxide. By applying a voltage
to them, an electric field E, could partially compensate for the electric field
E; of the pn-junction. This would decrease the yield of holes escaping prompt
recombination.

compensate for the electric field created by the pn-junction. Consequently, the local
yield of holes escaping prompt recombination as described in Eq. (3.3) would be
lower and higher radiation levels were required to produce enough holes that can be

trapped and cause a pinch-off.

Lastly, using special radiation-hardened oxides or avoiding excess hydrogen during
fabrication could reduce the density of defects in the oxide of the MZMs. The
density of deep traps that can capture a hole would then also be reduced and it

would possibly be too low to allow for a pinch-off to be created.

The next steps towards testing an actual radiation-hard SiPh-based optical link
would have to include the evaluation of the radiation hardness of GeSi photodiodes
under neutron irradiation. Neutrons create displacement damage in photodiodes
and they eventually stop working. They will be required, however, to withstand
the same radiation levels as MZMs. Otherwise, they could not be used for the
quadrature control in MZMs and it would not be possible to sustain the optimal

working point when modulating the MZMs. If GeSi photodiodes can withstand
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high enough radiation levels, a SiPh Tx chip would then have to be designed and
fabricated. This Tx chip should be connected to a radiation-hard MZM driver to
test the dynamic performance of the full Tx under irradiation. Finally, what feed-
laser to be used, how to interface it with the SiPh Tx chip and how to manage the
polarization in the system would need to be addressed. The last point is particularly
important since laser diodes typically emit TE-polarized light while SiPh waveguides
can support modes with TE- or TM-polarization. Light with incorrect polarization
coupled to a grating coupler on a SiPh Tx chip can cause additional penalties in the

optical power budget and thus would need either to be avoided or managed properly.

7.3 Conclusion

The findings from this thesis demonstrate that radiation-hard optical links based
on SiPh could withstand higher levels of radiation than optical links based on VC-
SELs. At the same time they could deliver a similar performance. The MZMs
with improved radiation hardness show great potential for installation in the harsh-
est radiation environments in future HEP experiments, e. g. in the Future Circular

Collider (FCC) [231] or the Compact Linear Collider (CLIC) [232].

In addition to using radiation-hard SiPh-based optical links to read-out the inner-
most particle sensors of future HEP experiments, such links could also be employed
in the accelerator tunnels where sensors to monitor the particle beams are installed
in a radiation environment. The amount of measurement data produced by these
sensors can be up to 100 Gb/s. As these data needs to be sent over transmission dis-
tances of up to 2km, this application would especially benefit from the single-mode

operation and the possible high bit rates of SiPh.

Silicon photonics is a very promising technology for applications in radiation envi-
ronments. With the possibility for a very high radiation hardness and the potential
for highly-integrated detector read-out modules, it would open up the door for higher

resolution physics measurements in future HEP experiments.
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